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 Recently an efficient methodology, a hetero Pauson-Khand reaction, based on 
titanium-catalyzed cyclocarbonylation of tethered enals for the general preparation of γ-
butyrolactone rings, which are typically embedded in polycyclic systems of many natural 
products was reported. To demonstrate this new strategy, the total syntheses of the natural 
products asteriscanolide and ginkgolide were investigated.  
 The first part of this work is dedicated to synthetic efforts toward the total 
synthesis of asteriscanolide. Approaches highlighted by the [2,3]-Wittig rearrangement, the 
thermal silyloxy-Cope rearrangement, and a titanium-catalyzed cyclocarbonylation, which 
is the pivotal step to afford the γ-butyrolactone ring. This study firmly established the 
utility of cyclocarbonylation methodology for the synthesis of complex, polycyclic organic 
molecules and demonstrates a useful new approach to the stereocontrolled construction of 
polycyclic, cyclooctanoid natural products.  
 As part of continuing efforts in applying the cyclocarbonylation strategy towards 
the total synthesis of natural products, ginkgolides were chosen as second target molecules. 
The precursor for a hetero Pauson-Khand reaction was efficiently synthesized. It was 
hoped that the titanium mediated reductive cyclization of the precursor would introduce a 
butenolide moiety of the target model. Unfortunately, the reductive elimination step was 
unsuccessful. At this point, further tasks to effect reductive elimination on this system 





TITANIUM CATALYZED CYCLOCARBONYLATION FOR  
γ-BUTYROLACTONE:  
BACKGROUND AND INTRODUCTION 
 
1.1 Pauson-Khand Reaction 
1.1.1 Introduction 
 Efficient methods of multiple carbon–carbon bond formations in a single step to 
assemble complex molecules, remains an area of intensive research. Transition metal-
mediated cycloadditions often accomplish such a convergent synthesis in an atom 
economic manner.1.1 Transition metal chemistry has allowed for the combination of 
unsaturated functional groups in ways which are difficult or impossible to accomplish 
using conventional synthetic methods. In this regard, the Pauson-Khand reaction1.2 is one 
of the earliest examples of a transition metal-mediated transformation.1.3 The Pauson-
Khand reaction is a formal [2 + 2 + 1] cycloaddition that results in the formation of a 
cyclopentenone from an alkyne, an alkene, and carbon monoxide mediated by cobalt 









Scheme 1.1.1 Intermolecular Pauson-Khand Reaction 
 
 The first intramolecular version of the Pauson-Khand reaction was reported by 
Shore1.4 in 1981, and featured the formation of two rings and three new carbon-carbon 
 2
bonds regioselectively (Scheme 1.1.2). The synthetic utility of this reaction has since been 
expanded dramatically. Prior to this variant, the intermolecular Pauson-Khand reaction was 
carried out usually under harsh conditions, and resulted in low to moderate yields of 
cyclopentenone products with requirement of strained olefins as viable substrates. 
 
C O






Scheme 1.1.2 Intramolecular Pauson-Khand Reaction 
 
1.1.2 Mechanism of the Pauson-Khand Reaction 
 Because of the difficulty in isolation of the intermediate, the mechanism of the 
Pauson-Khand reaction is not clearly known. Among the plausible mechanisms for the 
Pauson-Khand reaction, the currently accepted mechanism proposed by Magnus,1.5 is 
depicted in Scheme 1.1.3. The first step would be the loss of two CO ligands from 
Co2(CO)8 followed by complexation with an alkyne to afford the hexacarbonyl complex 
1.1. Subsequent loss of one of the CO ligands and alkene insertion would then form the 
cobaltacycle 1.3. Finally, CO insertion followed by sequential reductive elimination would 
liberate the cyclopentenone product 1.6. 
1.1.3 Improvements on the Reaction Conditions 
 Since the first report of the Pauson-Khand reaction in the early seventies, a number 
of improvements on the early protocols, which required high temperatures with longer 
reaction time, have been reported. To promote the Pauson-Khand reaction under mild 



































































1.5 1.6  
Scheme 1.1.3 Proposed Mechanism of the Pauson-Khand Reaction 
 
 
(CO)nM C O + R3N O (CO)nM C
O
O NR3
M(CO)n CO2 R3NM(CO)n + +  
Scheme 1.1.4 Formation of a Vacant site Using N-Oxides 
 4
 The N-oxides presumably acted as oxidants to open a vacant site on the cobalt 
metal by removing one of the CO ligands. Thus, the empty coordination site led to 
oxidative addition of the olefin (Scheme 1.1.4).  
1.1.4 Catalytic Version of Pauson-Khand Reaction  
 Although the first catalytic version of the Pauson-Khand reaction appeared in 1974, 
a practical application of this reaction was not documented until Rautenstrauch1.8 reported 
the preparation of 2-pentylcyclopent-2-en-1-one 1.8, a precursor of trans-
dihydrojasmonate, from hept-1-yne and ethylene 1.7 (Scheme 1.1.5). However, a synthetic 
application of this methodology has been limited by requirement of high pressures of 
carbon monoxide at high temperatures to affect moderate yields. Following this report, 













Scheme 1.1.5 Rautenstrauch’s Catalytic Intermolecular Pauson-Khand Reaction 
 
 In 1996, Livinghouse showed that photoactivation of Co2(CO)8 could generate  a 
catalytically active species under one atmosphere of carbon monoxide (Scheme 1.1.6).1.9 It 
was also found that a thermal variation of this reaction could be carried out if high-purity 
Co2(CO)8 was used. Krafft also reported new reaction conditions using unpurified catalysts 

















Scheme 1.1.6 Livinghouse’s Catalyzed Intramolecular Pauson-Khand Reaction 
 
 Another approach to the catalytic the Pauson-Khand reaction involved the use of 
phosphines or phosphates as additives to accelerate the Pauson-Khand cyclization of an 
enyne to a bicyclic enone. These additives might reduce the formation of inactive cobalt 
species. It was also found that chiral phosphines provided good enantioselectivity with 













Scheme 1.1.7 Asymmetric Catalytic Pauson-Khand Reaction with (S)-BINAP 
 
1.1.5 Other Transition Metal Catalysts. 
 Besides cobalt complexes, several other transition metal carbonyl complexes are 
known to catalyze the Pauson-Khand reaction in a similar fashion. Inspired by the 
pioneering work of Negishi and co-workers on the zirconocene mediated cyclization of 
enynes,1.12 a number of research groups started to use different kinds of metallocene for 
cyclocarbonylation of enynes.  
1.1.5.1 Titanocene-Catalyzed Pauson-Khand Type Reaction 
 Buchwald and co-workers have developed several titanocenes to promote the 
catalytic Pauson-Khand type reaction. In his first protocol, bicyclic iminocyclopentene 
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intermediates 1.14 from the cyclocondensation of an enyne 1.13 with an isonitrile in the 
presence of Cp2Ti(PMe3)2 were hydrolyzed to the cyclopentenones 1.15.1.13 To avoid the 
use of air- and moisture sensitive Cp2Ti(PMe3)2, another titanocene, Cp2TiCl2,  has also 




R3SiCN, 45 °C, 18-24 h
R = Me, Ph, n-Bu











Scheme 1.1.8 Buchwald’s Titanocene-Catalyzed Pauson-Khand Type Cyclization 
                           with Isonitriles 
 
1.1.5.2 Ruthenium-Based Pauson-Khand Type Reaction 
 Recently, Murai1.15 and Mitsudo1.16 independently reported that Ru3(CO)12 
catalyzed the intramolecular cycloaddition of enynes to form cyclopentenones. Using 
similar reaction conditions that differed only by the solvent system, the Pauson-Khand 










                    solvent        CO (atm)       yield
Murai:          dioxane          10               86%      
Mitsudo: DMAc 15 78%
1.16 1.17
 






1.2 γ-Butyrolactone Synthesis via Hetero Pauson-Khand Reaction 
1.2.1 Introduction 
 Heteroatom variant of the intramolecular Pauson-Khand reaction was first 
discovered in Dr. Crowe’s laboratory where cyclocarbonylation of δ,ε-unsaturated ketones 
or aldehydes resulted in the formation of fused bicyclic γ-butyrolactones.1.17 It is an atom-
efficient formal [2 + 2 + 1] cycloaddition of an alkene, a carbonyl, carbon monoxide in the 
presence of Cp2Ti(PMe3)2 (Scheme 1.2.1).  
 
C O








Scheme 1.2.1 Hetero Pauson-Khand Reaction 
 
 These reactions can be conducted under mild reaction conditions (ambient 
temperature and CO pressure) in high yield. A similar protocol for the synthesis of γ-































Scheme 1.2.2 Mechanism of the Hetero Pauson-Khand Reaction 
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 As shown in Scheme 1.2.2, hetero Pauson-Khand reaction is initiated by the 
reductive coupling of a carbonyl and olefin substrate with Cp2Ti(PMe3)2 to form the 
metallacycle 1.19, followed by insertion of CO into the Ti-C bond to form the 
carbonylated metallacycle 1.20. Finally, reductive elimination leads to the formation of the 
cis fused γ-butyrolactones 1.21.  
1.2.2 Catalytic Version of Hetero Pauson-Khand Reactions 
 Following our first discovery of the general type hetero Pauson-Khand reactions, 
Buchwald reported a catalytic version of the reaction using Cp2Ti(PMe3)2 or 
Cp2Ti(CO)2.1.19 However, this methodology had limited scope, which was that only aryl 
ketone substrates could be used. In addition, Cp2Ti(CO)2 did not react with most of the δ,ε-




O OMeCp2Ti(PMe3)2 (7.5 mol%)
CO (18 psig)
PMe3 (30 mol%)




Scheme 1.2.3 Buchwald’s Titanocene-Catalyzed Hetero Pauson-Khand Reactions 
 
1.2.3 Catalytic Asymmetric Hetero Pauson-Khand Reactions 
 Recently, our group reported the asymmetric hetero Pauson-Khand cyclization of 
enals or enones in the presence of a chiral titanocene catalyst (Scheme 1.2.4).1.20 The ansa-
metallocene, (EBTHI)Ti(CO)2, is more reactive toward cyclocarbonylation substrate than 
its unbridged counterpart, Cp2Ti(CO)2, rendering cyclocarbonylation reactions catalytic. 















50 psig CO, toluene




Scheme 1.2.4 Crowe’s Catalytic Asymmetric Cyclocarbonylation 
 
1.2.4 Ruthenium-Catalyzed Hetero Pauson-Khand Reactions 
 Ruthenium-catalyzed Pauson-Khand type cyclizations to give γ-butyrolactones 
have been studied by several groups. Murai and co-workers revealed that catalytic amount 
of Ru3(CO)12 produced yne-aldehyde products, γ-butenolides, under 10 atm CO pressure 






CO (10 atm) 
160 °C, 20 h
(82%)






   Scheme 1.2.5 Murai’s Ruthenium-Catalyzed Catalyzed Intramolecular Cyclization  
                          to γ-Butenolides 
 
 Murai also showed that the first example of the catalytic intermolecular hetero 
Pauson-Khand cyclization of ketones or aldehydes, ethylene, and CO in the presence of 













, CO (5 atm)
toluene
160 °C, 20 h
(94%)  
          Scheme 1.2.6 Murai’s Ruthenium-Catalyzed Intermolecular Cyclization 
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1.3 Previous Synthetic Approaches to Asteriscanolide 
1.3.1 Introduction 
 Asteriscanolide 1.25, a cyclooctane sesquiterpene lactone isolated from the 
methanol defatted hexanes extract of Asteriscus aquaticus L. was first characterized by San 
Feliciano et al. in 1985.1.23 Due to its unique cis 5-8 fused ring system bridged by a γ-
butyrolactone ring, innovative strategies toward the total synthesis of asteriscanolide are 
being documented by several organic research groups. This has resulted in four completed 









Figure 1.3.1 Structure of Asteriscanolide  
 
1.3.2 Wender’s Total Synthesis of Asteriscanolide 
 The first total synthesis of 1 was reported by the Wender group, who utilized a 
Ni(0) catalyzed intramolecular [4 + 4] cycloaddition in the pivotal step.1.24 Their synthesis 
commenced with commercially available acrolein 1.26, which was reacted with 
isopropenyl lithium to afford the alcohol 1.27. Subsequent esterification with isobutyric 
anhydride followed by a Claisen rearrangement gave the diene acid 1.28. Next, the 
aldehyde resulting from the acid via LAH reduction and Swern oxidation reacted with 
lithium vinylacetylide to provide racemic (±)-1.29. Conversion of this racemic mixture to 
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(R)-1.29, was performed via Swern oxidation of (±)-1.29 followed by asymmetric 












    anhydride
      (99%)
2. LDA
    (69%)
1. LAH
   (93%)
2. DMSO, (COCl)2
    Et3N (88%)
3. LiC CCH CH2
(88%)
4. DMSO, (COCl)2
    Et3N (89%)
5. LAH/Darvon




























     CuBr
    (74%)
2. BH3.THF; PCC






Scheme 1.3.1 Wender’s Total Synthesis of Asteriscanolide 
 
 The alkyne (R)-1.29, was then subjected to hydroalumination with Red-Al, and the 
resulting vinylaluminate was stannylated to afford 1.30, which was further reacted with n-
BuLi and CO2 to give the desired bis diene 1.31. With Ni(0) catalyzed intramolecular [4 + 
4] cycloaddition precursor at hand, Wender was able to convert the bis diene 1.31 to the 
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tricyclic lactone 1.32 readily. The following three more steps completed the total synthesis 
of asteriscanolide 1.25 in 13 steps. 
1.3.3 Brooker-Milburn’s Approach toward Asteriscanolide 
 Brooker-Milburn and coworkers have published efforts towards the total synthesis 
asteriscanolide.1.25 Although they did not succeed in making the desired natural product, 
they have accomplished a target quite close, 7-desmethylasteriscanolide, which has 
























































Scheme 1.3.2 Brooker-Milburn’s Approach toward Asteriscanolide 
 
 The key features involve an intramolecular [2 +2] photocycloaddition of the α,β-
unsaturated acid ether 1.35 followed by a Curtius rearrangement to provide the key 
precursor 1.37 for fragmentation. However, all attempts to effect the desired alkylation of 
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1.38 to afford the natural product target were hampered by a retro-Michael type 
fragmentation. 
1.3.4 Paquette’s Total Synthesis of Asteriscanolide 
 Paquette and coworkers completed the second total synthesis of asteriscanolide and 
featured two key steps.1.26 The first step is a sequential Michael-Michael reaction, which 




























HH2, RaNi (150 psi)
1. KHMDS, PhNTf2,
    THF, -78 °C  (98%)














    NaI (79%)
3.
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    CH2Cl2,hν;LiAlH4
    (61%)
2. Dess-Martin
3. H2, 10% Pd/C
    EtOH, 300 psi (67%)
4. RuCl3, NaIO4
    CH3CN, CCl4, H2O













Scheme 1.3.3 Paquette’s Total Synthesis of Asteriscanolide 
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 The other step is a ruthenium catalyzed ring-closing metathesis to provide an eight-
membered ring. Their approach began with the known 2-bromo-4,4-
dimethylcyclopentenone, which was transformed to the enantiopure cyclopentenone 
sulfoxide 1.40 using (-)-menthyl p-toluenesulfinate. Michael acceptor 1.40, then reacted 
with methyl 4-hydroxy-2-butynoate, a heteronucleophile to afford the bicyclic ester 1.41. 
Further manipulations toward the triene precursor 1.44 needed for a ring-closing 
metathesis was performed in 6 steps. Paquette’s completion of asteriscanolide is detailed in 
Scheme 1.3.3. 
1.3.5 Krafft’s Total Synthesis of the Asteriscanolide 
 Krafft’s strategy centered on two transition metal-mediated carbocyclic ring 
formations, to provide the tricyclic core of asteriscanolide.1.27 As shown in Scheme 1.3.4, 
they began with 3-butyn-1-ol 1.46, which was transformed to the Pauson-Khand reaction 
product 1.47 in four steps. Deprotection followed by quenching with methyl iodide gave 
the gem-dimethylated ketone, which was converted to the protected hydroxy lactone 1.48 
employing standard conditions. This lactone was then subjected to hydrogenation to 
provide the desired all-cis diastereisomer 1.50 in addition to isomer 1.49. Further 
manipulations toward the diene precursor 1.54, needed for a ring-closing metathesis, were 
performed in 6 steps. Krafft’s completion of asteriscanolide is detailed in Scheme 1.3.4. 
1.3.6 Snapper’s Total Synthesis of Asteriscanolide 
 Recently Snapper and coworkers completed the total synthesis of 
asteriscanolide.1.28 Snapper’s approach commenced with commercially available α-pyrone 
1.57, which was subjected to photolysis in the presence of Fe2(CO)9 to afford the iron-





1. TBSCl, Et3N, DMAP
     (99%)
2. s-BuLi, THF -78 °C; 
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3. Co2(CO)8 (99%)
4. propene:CH2Cl2 (1:1),
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    n-BuLi, THF, reflux
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reflux, 24 h (92%)
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1. TBAT, CH3CN
    reflux, 29 h (62%)
2. H2, 10 mol Pd/C
    EtOH (93%)
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 Subsequent reduction of the resulting ester 1.58 with LAH and BF3·OEt2 followed 
by an electrophilic aminomethylation provided the p-substituted product 1.59. Next, the 
cycloaddition precursor 1.61 was prepared through in situ methylation of cyclobutadiene 
1.59 followed by etherification with the sodium salt of cyclopentenol 1.60. Heating the 
resulting cycloaddition precursor 1.61 with trimethylamine N-oxide gave the highly 















     (93%)
2. Me2NCH2NMe2
    H3PO4, CH3COOH
    100 °C (67%)















benzene, 50-80 °C 
(74%)
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1. PCC, CH2Cl2 (79%)
2. Red-Al, CuBr;
    AcOH, THF (89%)
3. BH3.OEt2, THF; 













Scheme 1.3.5 Snapper’s Total Synthesis of Asteriscanolide 
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 To generate the Wender’s intermediate, a ring-opening metathesis with ethylene in 
the presence of ruthenium benzylidene followed by reflux, produced the cyclooctadiene 
1.64 via a Cope rearrangement of the intermediate 1.63.  
 
1.4 Research Overview 
We recently reported an efficient methodology, a hetero Pauson-Khand reaction, 
based on titanium-catalyzed cyclocarbonylation of tethered enals for the general 
preparation of γ-butyrolactone rings, which are typically embedded in polycyclic systems 
of many natural products. To demonstrate our new strategy, the total syntheses of the 
natural products asteriscanolide (Chapter 2) and ginkgolide (Chapter 3) were investigated. 
In the following chapters, the application of titanium-catalyzed cyclocarbonylation strategy 
towards the synthesis of butyrolactone-containing natural products will be presented. 
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AN APPROACH TO THE SYNTHESIS OF ASTERISCANOLIDE VIA  
HETERO PAUSON-KHAND REACTION 
 
2.1 Retrosynthetic Analysis 
Outlined in Scheme 2.1, is a retrosynthetic analysis of asteriscanolide. In this 
retrosynthetic analysis, we envisioned that the core 1,5-cyclooctadiene unit, could be 
generated by Grob-like fragmentation of a suitably functionalized bicyclo[3.3.0]octane-
































asteriscanolide (2.1) 2.2 2.3
 
Scheme 2.1 Retrosynthetic Analysis of Asteriscanolide 
 
Once achieved, this novel fragmentation reaction would afford us the tricyclic 
lactone 2.2, which would be readily converted to asteriscanolide 2.1, by Wender’s 
approach2.1: conjugate reduction of the C3-C4 double bond, followed by hydroboration of 
the C7-C8 double bond. The linear triquinane lactone 2.3 in turn could be constructed via a 
 21
titanium-catalyzed Hetero-Pauson-Khand reaction of tethered enal 2.4. Lastly, a key 
intermediate, bicyclo[3.3.0]octenol 2.52.2 would be readily available from 3,4-
epoxycyclooctene 2.62.3 via base-mediated rearrangement. 
 
2.2 Previous Model Studies 
Our choice of synthetic plan was based on the results of previous model studies2.4 
where cyclocarbonylation of a cyclopentene-containing substrate afforded the product 2.7 
with all required syn stereochemical relationships (Scheme 2.2). Cyclocarbonylation of a 
cyclooctene containing substrate yielded the tricyclic lactone 2.9, whose stereochemistry 
was doubly epimeric (at C3 and C9 relative to C1 and C2) to that required for the natural 
product. Thus, we envisioned that it might be possible to prepare asteriscanolide in a 
stereocontrolled manner via a tetracyclic lactone intermediate, generally represented by 
































Scheme 2.2 Previous Model Study of Cyclocarbonylation 
 
2.3 Details of Previous Model Studies 
 In order to examine the effect of cycloalkene ring size on cyclocarbonylation 
reaction efficiency and stereoselectivity, a model system was studied2.4 by Shuang Liu, a 
former postdoctoral researcher of Dr. Crowe’s group. Cyclocarbonylation substrates, 
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Scheme 2.3 Preparation of Model Substrates 
 
Cyclooctene-derived substrate 2.13a was converted to butyrolactone product 2.13d 
as shown in Scheme 2.4, demonstrating that the hetero Pauson-Khand (HPK) reaction 
provides a viable route to the asteriscanolide ring system. This reaction sequence is 
analogous to that used with terminal olefin substrates.2.5 In contrast to analogous reactions 
involving terminal olefin substrates, however, the carbonylation of 2.13b did not proceed 
at 1 atm CO pressure and the carbonylated metallacycle 2.13c did not form the lactone 
product at ambient temperature upon exposure to air. The cyclooctene substrate introduced 
another unique feature which could not have been anticipated from our prior work: a net 
antarafacial addition across the olefinic bond of the substrate, which was confirmed by a x-
ray crystallography of the metallacycle product 2.13b. Thus, the butyrolactone product 
2.13d, formed by this reaction sequence is epimeric at both the C3 and C9 (asteriscanolide 
numbering) relative to that required for the natural product. Cycloheptene-derived 









2.13a (n = 1)
2.12a (n = 0)
2.13b (n = 1), 96%





2.13d (n = 1), 42%













2.13c (n = 1)
2.12c (n = 0)  
Scheme 2.4 Medium Ring HPK Reactions 
 
Surprisingly, the cyclohexene-derived substrate 2.11a proved unreactive when 
treated with Cp2Ti(PMe3)2 (Scheme 2.5A). The closely related cyclohexene-derived 
substrate 2.15a, lacking gem-dimethyl substitution α to the aldehyde, also proved 
unreactive. However, HPK reaction of the cyclopentene-derived substrate 2.14a gave the 
all syn product 2.14d. The all syn stereochemistry observed for 2.14d suggested that a 
stereocontrolled route to asteriscanolide might be possible via fragmentation of enolate 
2.17, derived from the tetracyclic lactone 2.3a (Scheme 2.5B). 
 
2.4 First Generation Approach to Asteriscanolide 
2.4.1 Starting Material Preparation 
As the first step in the synthesis, 3,4-epoxycyclooctene 2.6 was prepared by 
epoxidation of commercially available cyclooctadiene 2.18 with treatment of peracetic acid 
in the presence of Na2CO3 in CH2Cl2 (Scheme 2.6). Then, base-mediated rearrangement of 
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the epoxide 2.6 with LiNEt2 in Et2O afforded the known product bicyclo[3,3,0]oct-7-en-
endo-2-ol (2.5). The bicyclic alcohol 2.5, arose by α-elimination, followed by carbenoid 





















































2.3a (X = OTBS)
2.16a (X = OTs)
2.16b (X = OMs)
2.17 2.2
 
Scheme 2.5 Small Ring HPK Reactions 
 
2.4.2 Barbier Reaction Approach to the Synthesis of the Enal 2.4 
The strategy derived from the retrosynthetic analysis required the synthesis of the 
enal 2.4 (Scheme 2.1). Our first approach to the enal precursor 2.4 involved the 
combination of two subsequent reactions: (1) Barbier reaction of the bromide 2.20 with a 
 25
methacrolein 2.21 to provide the diallylic alcohol precursor 2.19, and (2) oxy-Cope 















































2.4 2.19 2.20 2.21  
Scheme 2.7 Barbier Reaction Approach towards the Enal 2.4 
 
 Toward this end, the bicyclic alcohol 2.5 was silylated with TBSCl in DMF in the 
presence of imidazole to afford the silyl ether 2.222.6 (Scheme 2.8). Initial attempts to 
effect allylic bromination with N-bromosuccinicimide (NBS) in CCl4 using benzoyl 
peroxide as initiator resulted in multi spots on TLC, without having any major products. 
As a result, the allylic bromide 2.20a was not accessed from direct allylic bromination. 











(96%)  benzoyl peroxide









Scheme 2.8 Allylic Bromination of 2.22  
 
In the alternative route, we presumed that the allylic bromide 2.20a could be 
accessible by conversion of an allylic alcohol to its bromide via syn-SN2' reaction.2.7 To 
this end, the protected bicyclo lactone 2.22 was treated with m-chloroperoxybenzoic acid 
(m-CPBA) in CH2Cl2 to give the corresponding epoxide 2.23.2.6 Subsequent epoxide ring 






























Scheme 2.9 Indirect Allylic Bromination of 2.22 
 
Unfortunately, the second trial for allylic bromination with PBr3 in DMF and 
CH2Cl2 also proved unsuccessful (Scheme 2.9). As a result, the allylic bromide 2.20a was 
never accessed from attempted brominations. As with NBS reaction described above 
(Scheme 2.8), TLC and 1H NMR data indicated formation of multiple products.  Failure to 
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perform an allylic bromination might be rationalized as 3-halocyclopentene moiety 
instability as has been previous reported.2.8 
2.4.3 [2,3]-Wittig-Anionic Oxy-Cope Rearrangement Approach to the Synthesis of the  
         Enal 2.4 
 
We, therefore, decided to develop a different strategy without using an allylic 
bromide precursor. On the basis of the observations of Greeves,2.9 it was anticipated that 
enal 2.4a could be obtained from the tandem [2,3]-Wittig-anionic oxy-Cope rearrangement 




























Scheme 2.10 Tandem [2,3]-Wittig-Anionic Oxy-Cope Rearrangement Approach 
 
In this regard, the diallylic ether 2.25 was prepared by exposure of the allylic 
alcohol 2.24 to NaH in THF, followed by reaction with 3-chloro-2-methylpropene 
(Scheme 2.11). However, attempts to execute the tandem reaction of the diallylic ether 
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Scheme 2.11 Tandem [2,3]-Wittig-Anionic Oxy-Cope Rearrangement of 2.25 
 
Alongside tandem reactions, we simultaneously  pursued the stepwise [2,3]-Wittig 
and anionic oxy-Cope rearrangements.2.10 In the stepwise approach, the [2,3]-Wittig 
rearrangement of 2.25 was effected by treatment with 1:1 n-BuLi/t-BuOK (Schlosser’s 
base) in THF at -78 ºC (Scheme 2.12).2.11 While the [2,3]-Wittig rearrangement has proved 
viable, the following anionic oxy-Cope rearrangement of the resulting alcohol 2.26 with 
treatment of KH and 18-Crown-6 in THF was still unsuccessful. Obtained instead was the 




















    18-Crown-6
2. MeI
 
Scheme 2.12 Stepwise [2,3]-Wittig-Anionic Oxy-Cope Rearrangement of 2.25 
 
2.4.4 Thermal Silyloxy-Cope Rearrangement Approach to the Synthesis of the 
         Enal 2.4 
 
In an effort to find a viable route for enal 2.4a, the thermal silyloxy-Cope 
rearrangement2.12 of a silyl ether was suggested. Thus, the hydroxyl group in 2.26 was 
silylated with TESCl to afford the corresponding silyl ether 2.27 (Scheme 2.13). 
Surprisingly, subsequent thermal silyloxy-Cope rearrangement of 2.27 at 200 ºC without 




























Scheme 2.13 Thermal Silyloxy-Cope Rearrangement of 2.27 
 
2.4.5 Completion of the Synthesis of the Enal 2.4a 
Finally, the enal 2.4a was prepared by in situ methylation of the enolate, which was 
generated from 2.28 with treatment of TBAF (Scheme 2.14). Due to the separation 
difficulty between 2.4a and 2.29, a route was sought where the yield of 2.4a would 
improve exclusively. For this purpose, TBAF in THF was pretreated with KH to remove 
any moisture content then MeI was added. This modification yielded gem-dimethyl 























Scheme 2.14 The Enal 2.4a Synthesis 
 
2.4.6 Hetero-Pauson-Khand Reaction of the Enal 2.41 
 Having the desired enal 2.4a in hand, we turned our attention to a titanium-
catalyzed cyclocarbonylation. Reaction of the enal 2.4a with a stoichiometric amount of 
Cp2Ti(PMe3)2 in pentane led to isolation of oxatitanacycle 2.30 after recrystallization 
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(Scheme 2.15). In order to elucidate the structure of the oxatitanacycle in more detail, the 
structure of 2.30 was further determined by single-crystal X-ray analysis. As predicted, the 



















Scheme 2.15 Synthesis of Oxatitanacyclic Compound 2.30  
 
Carbonylation of 2.30 proceeded smoothly with insertion of carbon monoxide into 
the weaker metal-carbon bond under 1000 psi CO pressure, followed by air induced 





































Scheme 2.16 Carbonylation of 2.30 
 
2.5 Revised Approach towards Asteriscanolide 
2.5.1 Improved Synthetic Plan for Triquinane Lactone  
 With a synthetic route to the triquinane lactone 2.3a firmly in place, an improved 
synthetic route was sought before attempting anionic fragmentation. Initially, a 
retrosynthetic strategy was planned whereby a methyl group at C7 would be installed from 







Figure 2.1 ORTEP plot of the Oxatitanacyclic Compound 2.30 
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 However, the task becomes more inefficient once placed in the context of an 
already highly functionalized molecule. Bearing in mind the potential extent of this 
obstacle, it was considered a wise decision to tackle this hurdle early rather than at a late 





















































Scheme 2.17 Initial Plan for Installing a Methyl Group at C7 
 
 To this end, the bicyclic alcohol 2.5 was transformed to the homologue 2.5a via 
alcohol oxidation with PCC in the presence of neutral Al2O3 in CH2Cl2 to afford the ketone 
2.332.2a followed by endo-selective addition of MeLi in Et2O to provide the alcohol 
2.5a.2.13 Protection of the resulting alcohol 2.5a as a TBS ether with TBSCl in DMF in the 






























Scheme 2.18 Preparation of 2.22a 
 
2.5.2 Completion of the Synthesis of the Triquinane Lactone 2.3b 
 Fortunately, we were able to use almost same reaction conditions for new 
homologue substrates, which also showed decent yields compared to the old substrates 
(Scheme 2.19). To verify the correct stereochemistry of the new homologues, single crystal 
X-ray analysis of the metallacyclic compound 2.30a was performed, and its bicyclic ring 
system also possesses all syn stereochemical relationships (Figure 2.2). 
 
2.6 Anionic Fragmentation of the Triquinane Lactone 2.3b 
2.6.1 Initial Attempts for Anionic Fragmentation 
 With the tetracyclic lactone 2.3b in hand, efforts were focused on anionic 
fragmentation to provide the cyclooctadiene core (Scheme 2.20). Unfortunately, our 
preliminary attempts at anionic fragmentation of the silyl ether 2.3b did not afford the 
desired cyclooctadiene product 2.2, even though a number of different reaction conditions 
were explored (Table 2.1). Electrophilic trapping experiments indicated that enolate 
generation was the problem. For example, trapping with TMSCl gave back unreacted 






































































































Scheme 2.19 Revised Synthetic Route  
 
  In an effort to perform a fragmentation step, it was decided to convert the silyl 

































 Scheme 2.20 Anionic Fragmentation of 2.3b 
 
 
Table 2.1 Attempted Anionic Fragmentation Conditions 
Entry Reaction Condition Result 
1 p-TSA, CH2Cl2, 6 h stirring at rt No reaction 
2 DBU, DMF, 24 h stirring at 100 ºC No reaction 
3 LDA, Et2O, 6 h stirring at rt  No reaction 
4 LDA, DME, 5 h reflux No reaction 
5 NaNH2, DME, 8 h reflux No reaction 
6 KH, HMPA, 8 h stirring at 80 ºC No reaction 









































Scheme 2.21 Attempted Synthesis of Sulfonate Esters 
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 To this end, the silyl ether 2.3b was deprotected using HF solution in MeCN to 
give the alcohol 2.3c, a compound whose structure was confirmed by X-ray 
crystallography (Figure 2.3). However, attempts to convert the alcohol to a sulfonate ester 
were unsuccessful. Unreacted alcohol was recovered upon attempted tosylation, while 
elimination product was obtained upon attempted mesylation. 
2.6.2 The Formation of the α-Silylated Lactone 2.36 
 When a mixture of 2.3b and TMSCl was treated with LDA (internal quench), slow 
conversion to a new product was observed (Scheme 2.22). Spectroscopic data revealed 
incorporation of a trimethyl silyl group and concomitant disappearance of the proton α to 
the lactone carbonyl. However the presence of a lactone carbonyl group in the product 
indicated that we had not obtained the expected silyl ketene acetal. The formation of the α-
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Figure 2.4 ORTEP plot of the Silylated Lactone 2.36 
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 The reluctance of 2.3b to undergo enolization may be due to the strain energy 
associated with rehybridization of the carbon α to the lactone carbonyl. This 
rehybridization problem is underscored by the exclusive formation of the α-silylated 
lactone 2.36 rather than the initially expected silyl ketene acetal isomer 2.34. It is 
intriguing that the α-silylated lactone 2.36 is formed only when TMSCl and LDA are 
added together (internal quench) and not when they added sequentially (LDA then TMSCl). 
 The type of strain which would be present in silyl ketene acetal 2.34 has been noted 
in the bridgehead olefinic isomers of the triquinacene ring system. De Meijere estimated 
that the energetic cost of positioning a double bond at a bridgehead position in 2.37b is 
about 4.1 kcal mol-1 relative to isomer 2.37a.2.14 This strain does not, however, preclude 
formation of bridgehead alkene on the triquinacene ring system. For example, enones 
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Figure 2.5 Bridgehead Strain in the Triquinacene Ring 
 
2.7 Conclusion 
 Efforts toward the total synthesis of asteriscanolide (2.1) have been described. The 
approach employs the [2,3]-Wittig rearrangement, the thermal silyloxy-Cope 
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rearrangement, and a titanium-catalyzed cyclocarbonylation, which is the pivotal step to 
afford the γ-butyrolactone ring. 
 This study firmly established the utility of our cyclocarbonylation methodology for 
the synthesis of complex, polycyclic organic molecules and demonstrates what we believe 
to be a useful new approach to the stereocontrolled construction of polycyclic, 
cyclooctanoid natural products. Further transformation involving fragmentation of a 
tetracyclic lactone to generate an eight-membered ring, and other necessary elaboration 
would complete the total synthesis of asteriscanolide. 
 
2.8 Experimental Section 
2.8.1 General Experimental 
 All experiments were performed under a nitrogen atmosphere in oven- and/or 
flame-dried glassware using a Vacuum Atmospheres drybox or by using standard Schlenk 
techniques.  Solvents used as reaction media were distilled immediately before use:  Et2O, 
THF, benzene and toluene were distilled from Na/benzophenone ketyl. Pentane is distilled 
from Na/benzophenone ketyl/tetraglyme. Carbon monoxide of 2.3 grade (99.3%) was 
purchased from BOC Gases, New Jersey. Cp2Ti(PMe3)22.17 and PMe32.18 were prepared as 
described in literature. Titanocene dichloride was purchased from Alfa Chemicals.  Other 
reagents were purified by simple distillation or by passing through a short column of 
activated alumna or silica gel. 
 1H and 13C NMR spectra were recorded on a Bruker AC-250 (250 MHz 1H, 62.5 
MHz 13C) spectrometer in deuterated solvents using the solvent carbon or residual protons 
(CHCl3: 7.27 ppm 1H, 77.23ppm 13C, C6D5H: 7.15ppm 1H) as an internal reference.  NMR 
solvents were dried over 4Å molecular sieves or by passing through a short column of 
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activated alumina. Chemical shifts (δ) are given in parts per million down from 
tetramethylsilane (TMS). spectrometer. Data for 1H NMR spectra are reported as follows: 
chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quin = 
quintet, dd = doublet of doublets, dt = doublet of triplets, ddd = doublet of doublet of 
doublets, ddt = doublet of doublet of triplets, m = multiplet), coupling constant (Hz), and 
integration. Elemental analyses (%C, %H) were determined by M-H-W Laboratories, 
Phoenix, Arizona and Prevalere Life Sciences, Inc., Whitesboro, New York.  
 Analytical thin layer chromatography (TLC) was performed on Scientific 
Adsorbent Company Inc. silica gel plates. Components were visualized by illumination 
with long wave ultraviolet light, exposure to iodine vapor, or by standing with one of the 
following reagents (followed by heating): p-anisaldehyde (or vanillin) in ethanol/sulfuric 
acid; 7% phosphomolybdic acid in ethanol; 0.04 M ammonium molybdate in 10% sulfuric 
acid. Solvents for extraction and chromatography were reagent grade and used as received.  
Flash column chromatography was performed using Scientific Adsorbent Company Inc. 
silica gel (32-63 m). Brine refers to a saturated aqueous solution of NaCl.  NH4Cl and 
NaHCO3 refer to saturated aqueous solutions unless otherwise specified. 









 3,4-Epoxy-1-cyclooctene (2.6). To an ice-cold, mechanically stirred mixture of 
cyclooctadiene 2.18 (50 g, 0.462 mol) and anhydrous Na2CO3 (146.96 g, 1.387 mol) in 
CH2Cl2 (400 mL) was added dropwisely 32% peracetic acid (109.69 g, 0.462 mol), which 
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had been pretreated with CH3CO2Na (1.75 g, 0.0213 mol). The reaction mixture was 
stirred at room temperature until a negative test was obtained with starch-iodide paper (ca. 
12 h). The solid salts were removed by suction filtration and washed well with additional 
CH2Cl2 (600 mL). The solvent was removed under reduced pressure and the residue was 
distilled into an ice-cold receiver flask to afford the titled compound (52.75 g, 92%) as a 
colorless oil. NMR (250 MHz, CDCl3): δ 5.67 (m, 1H), 5.50 (m, 1H), 3.36 (m, 1H), 3.02 
(m, 1H), 2.21 (m, 1H), 2.00 (m, 2H), 1.52-1.72 (m, 2H), 1.30-1.40 (s, 2H); 13C NMR (62.5 










 1,2,3,3a,4,6a-Hexahydro-pentalen-1-ol (2.5). To an ice-cold solution of 
diethylamine (75.04 g, 1.026 mol) in anhydrous Et2O (1000 mL) was slowly added n-BuLi 
in hexane (2.66 M, 370.8 mL, 0.986 mol) under N2 atmosphere. After the addition was 
completed, the reaction mixture was further stirred for 15 min at room temperature. A 
solution of the epoxide 2.6 (49 g, 0.395 mol) in Et2O (50 mL) was added and the reaction 
mixture was heated to reflux for 18 h until the starting material was consumed. The 
reaction mixture was then cooled to room temperature, and was poured into ice. The 
organic layer was separated, and the aqueous layer was extracted with ether (3 x 250 mL). 
The combined organic layer were washed with 1N HCl, saturated aqueous NaHCO3, and 
brine. After drying over MgSO4, the solvent was removed under reduced pressure. 
Vacuum distillation afforded the title compound (40.17 g, 82%) as a colorless oil. NMR 
(250 MHz, CDCl3): δ 5.87 (m, 1H), 5.60 (m, 1H), 4.21 (dd, J = 12.0 Hz, J = 5.4 Hz, 1H), 
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3.24 (m, 1H), 2.68 (m, 2H), 2.07 (m, 1H), 1.37-1.83 (m, 5H); 13C NMR (62.5 MHz, 













 tert-Butyl-dimethyl(1,2,3,3a,4,6a-hexahydro-pentalen-1-yloxy)-silane (2.22). 
The bicyclic alcohol 2.5 (10.0 g, 80.53 mmol) dissolved in DMF (7 mL) was slowly added 
to a mixture of  TBSCl (12.75 g, 84.59 mmol) and imidazole (6.03 g, 88.57 mmol) in DMF 
(70 mL) at 0 °C. After the addition was completed, the reaction mixture was stirred for 24 
h at room temperature. The reaction mixture was poured into water (100 mL), and 
extracted with pentane (3 x 60 mL). The combined organic layer was dried over MgSO4, 
filtered, and concentrated under reduced pressure. Column chromatography (silica gel, 
hexanes/Et2O, 50:1) yielded the titled compound (18.42 g, 96%) as a colorless oil. 1H 
NMR (250 MHz, CDCl3): δ 5.73 (m, 1H), 5.60 (m, 1H), 4.16 (m, 1H), 3.13 (m, 1H), 2.64 
(m, 2H), 2.06 (m, 1H), 1.37-1.65 (m, 4H), 0.89 (s, 9H), 0.07 (s, 3H), 0.05 (s, 3H); 13C 
















 tert-Butyl-dimethyl[(octahydropentaleno[1,2-b]oxiren-2-yl)oxy]-Silane (2.23). 
To a mechanically stirred suspension of m-CPBA (26.78 g of 77% mass content reagent, 
119.52 mmol) and NaHCO3 (10.04 g, 119.51 mmol) in CH2Cl2 (150 mL) at 0 °C was 
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added the protected alcohol 2.22 (19.0 g, 79.68 mmol) in CH2Cl2 (20 mL) dropwise. The 
reaction mixture was further stirred for 6 h at room temperature. The white reaction 
mixture was then filtered through a sintered glass funnel under reduced pressure, and the 
remaining solid was washed with an additional CH2Cl2 (250 mL). The filtrate was washed 
with 0.1 M NaOH (150 mL), and brine (150 mL). The organic layer was dried over MgSO4, 
filtered, and concentrated under reduced pressure. Column chromatography (silica gel, 
hexanes/Et2O, 20:1) yielded the title compound (15.92 g, 79%) as a pale yellow oil. 1H 
NMR (250 MHz, CDCl3): δ 4.25 (m, 1H), 3.52 (m, 1H), 3.48 (m, 1H), 2.59 (m, 1H), 2.30 













 6-(tert-Butyl-dimethyl-silanyloxy)-1,3a,4,5,6,6a-hexahydro-pentalen-2-ol (2.24). 
A solution of the epoxide 2.23 (25.5 g, 100.22 mmol) in Et2O (25 mL) was added to a 
solution of LDA (32.21 g, 300.66 mmol) in Et2O (150 mL) at 0 °C. After stirring for 4h at 
room temperature, the reaction mixture was quenched by saturated aqueous NH4Cl (300 
mL) and the two layers were separated. The aqueous layer was extracted with Et2O (3 x 
100 mL) and the combined organic layers were washed with water (200 mL) and brine 
(200 mL). The organic layer was dried over MgSO4, filtered, and concentrated under 
reduced pressure. Column chromatography (silica gel, hexanes/Et2O, 20:1) yielded the title 
compound (20.41 g, 80%) as a pale yellow oil. 1H NMR (250 MHz, CDCl3): δ 5.76 (m, 
2H), 5.06 (s, 1H), 4.17 (m, 1H), 3.21 (m, 1H), 2.38 (m, 1H), 1.12-1.62 (m, 5H), 0.89 (s, 
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9H), 0.09 (s, 3H), 0.07 (s, 3H); 13C NMR (62.5 MHz, CDCl3): δ 138.5, 133.6, 78.1, 74.7, 
















yloxy]-silane (2.25). A solution of the alcohol 2.24 (5.1 g, 20.04 mmol) in THF (5 mL) 
was added dropwise to a stirred suspension of NaH (2.88 g, 120.0 mmol) in THF (25 mL) 
at room temperature. After stirring for 10 min at room temperature, 3-chloro-2-
methylpropene (3.62 g, 40.08 mmol) was added and the reaction mixture refluxed 
overnight. After the mixture was cooled to room temperature, water (2 mL) was slowly 
added to quench the excess NaH. The mixture was poured into water (50 mL) and 
extracted with Et2O (3 x 50 mL). The combined organic layer was dried over MgSO4, 
filtered, and concentrated under reduced pressure. Column chromatography (silica gel, 
hexanes/Et2O, 20:1) yielded the titled compound (5.01 g, 81%) as a pale yellow oil. 1H 
NMR (250 MHz, CDCl3): δ 5.79 (m, 2H), 4.97 (m, 1H), 4.83 (m, 1H), 4.77 (m, 1H), 4.16 
(m, 1H), 3.90 (dd, J = 19.1 Hz, J = 12.5 Hz, 2H), 3.22 (m, 1H), 2.48 (m, 1H), 1.73 (s, 3H), 
1.18-1.62 (m, 4H), 0.90 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H); 13C NMR (62.5 MHz, CDCl3): 


















prop-2-en-1-ol (2.26). To a solution of the diallylic ether 2.25 (2.6 g, 8.43 mmol) in THF 
(3 mL) was added dropwise to a solution of t-BuOK (1.095 g of 95% mass content reagent, 
9.27 mmol) in THF (40 mL) at -78 °C.  To the resulting mixture was then slowly added n-
BuLi (4.05 mL of 2.5 M solution in hexane, 10.12 mmol). The reaction mixture was 
warmed to 0 °C and further stirred for 4 h. The reaction mixture was quenched with water 
and extracted with Et2O (3 x 20 mL). The combined organic layer was dried over MgSO4, 
filtered and concentrated under reduced pressure. Column chromatography (silica gel, 
hexanes/Et2O, 10:1) yielded the titled compound (2.26 g, 87%) as a pale yellow oil. 1H 
NMR (250 MHz, CDCl3): δ 5.81 (m, 1H), 5.68 (m, 1H), 4.91 (m, 1H), 4.88 (m, 1H), 4.14 
(m, 1H), 3.87 (d, J = 5.63 Hz, 1H), 3.16 (m, 1H), 2.67 (m, 1H), 2.37 (m, 1H), 1.76 (s, 3H), 
1.26-1.70 (m, 5H), 0.87 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H); 13C NMR (62.5 MHz, CDCl3): 






















hexahydro-pentalene (2.27). The alcohol 2.26 (1.0 g, 3.24 mmol) in DMF (1 mL) was 
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slowly added to a mixture of TESCl (0.537 g, 3.56 mmol) and imidazole (0.24 g, 3.53 
mmol) in DMF (10 mL) at 0 °C. After addition was completed, the reaction mixture was 
stirred for 8 h at room temperature. The reaction mixture was poured into water (15 mL), 
and extracted with pentane (3 x 15 mL). The combined organic layer was dried over 
MgSO4, filtered, and concentrated under reduced pressure. Column chromatography (silica 
gel, straight hexanes) yielded the title compound (1.17 g, 85%) as a colorless oil. 1H NMR 
(250 MHz, CDCl3): δ 5.85, (m, 1H), 5.64 (m, 1H), 4.82 (d, J = 1.1 Hz, 2H), 4.10 (m, 1H),  
3.68 (d, J = 9.0 Hz, 1H), 3.11 (m, 1H), 2.50 (m, 1H), 2.14 (m, 1H), 1.70 (s, 3H), 1.24-1.61 
(m, 4H), 0.93 (m, 18H), 0.56 (m, 6H), 0.05 (s, 3H), 0.04 (s, 3H); 13C NMR (62.5 MHz, 
CDCl3): δ 147.3, 134.9, 131.0, 112.8, 82.6, 76.2, 61.0, 55.5, 42.0, 33.6, 30.5, 26.3, 18.7, 

















1,2,3,3a,4,6a-hexahydro-pentalene (2.28). The silyl ether 2.27 (1.30 g, 3.08 mmol) 
without solvent was purged with nitrogen and then heated at 200 °C for 4 h in a flask fitted 
with a reflux condenser . The mixture was then cooled to room temperature. The crude 
residue was chromatographed on silica gel (hexanes/Et2O, 50:1) yielded the titled 
compound (1.27 g, 98%) as a colorless oil. 1H NMR (250 MHz, CDCl3): δ 6.05, (s, 1H), 
5.59 (m, 1H), 5.46 (m, 1H), 4.09 (m, 1H), 3.09 (m, 2H), 2.14 (m 1H), 1.97 (m, 1H), 1.35-
1.74 (m, 8H), 0.95 (m, 18H), 0.64 (m, 6H), 0.06 (s, 3H), 0.04 (s, 3H); 13C NMR (62.5 MHz, 
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CDCl3): δ 135.4, 134.8, 133.3, 117.2, 76.0, 51.5, 48.5, 44.0, 42.4, 32.8, 28.2, 26.3, 18.6, 













2,2-dimethyl-propionaldehyde (2.4a). To a suspension of KH (0.037 g, 0.92 mmol) in 
THF (5 mL) was added TBAF (0.91 mL of 1.0 M solution in THF, 0.91 mmol) at -78 °C. 
After 10 min stirring, a solution of the silyl enol ether 2.28 (0.35 g, 0.83 mmol) in THF (1 
mL) was added. The reaction mixture was then quenched via a rapid injection of MeI (2.35 
g, 16.56 mmol). The reaction mixture was warmed to 0 °C and further stirred for 6 h. The 
reaction mixture was quenched with water (5 mL), and the product was extracted with 
Et2O (3 x 5 mL). The combined extract was dried over MgSO4, filtered and concentrated 
under reduced pressure. Column chromatography (silica gel, hexanes/Et2O, 50:1) yielded 
the titled compound (0.19 g, 71%) as a colorless oil. 1H NMR (250 MHz, CDCl3): δ 9.47 (s, 
1H), 5.46 (m, 2H), 4.11 (m, 1H), 3.03 (m, 2H), 2.14 (dt, J = 7.9 Hz, J = 3.5 Hz, 1H), 1.55 
(m, 4H), 1.34 (m, 2H), 1.12 (s, 3H), 1.05 (s, 3H), 0.89 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H); 
13C NMR (62.5 MHz, CDCl3): δ 206.9, 134.2, 134.1, 75.5, 53.0, 47.6, 46.4, 46.1, 41.8, 



















 Oxatitanacyclic Compound (2.30). To a solution of Cp2Ti(PMe3)2 (0.142 g, 0.43 
mmol) in pentane (10 ml) was added the enal 2.4a (0.138 g, 0.43 mmol) inside an argon 
filled glove box. After stirring for 3 h at room temperature, the reaction mixture was 
filtered through a pad of Celite and rinsed with pentane to give a reddish solution. Pentane 
was removed under reduced pressure and the red solid residue was recrystallized from 
minimum amount of pentane and cooled to -33 °C overnight. The product was collected by 
decantation and washed with cold pentane to give the titled compound (0.122 g, 57%) as a 
red solid. The mother liquor was concentrated under reduced pressure and the solid residue 
was redissolved in minimum amount of pentane. This solution was again cooled to -33 °C 
overnight, decanted, and the product was washed with cold pentane to give the additional 
2.30 (0.024 g). Overall yield: 0.146 g (68%). 1H NMR (250 MHz, C6D6): δ 5.97 (s, 5H), 
5.91 (s, 5H), 4.52 (m, 2H), 3.98 (m, 1H), 3.67 (m, 1H), 2.49 (m, 1H), 1.81-2.09 (m, 5H), 
1.04 (m, 12H), 0.90 (m, 3H), 0.08(s, 3H), 0.06 (s, 3H) ); 13C NMR (62.5 MHz, C6D6): δ 


























 Tetracyclic Lactone (2.3a). A high pressure reactor was charged with the 
metallacyclic compound 2.30 (48 mg, 0.094 mmol) and toluene (20 ml), inside an argon 
filled glove box. After removing the reactor from the glove box, CO (1000 psi) was 
introduced into the reactor. The reaction mixture was stirred for 24 h at room temperature, 
and then CO pressure was cautiously released inside a fume hood. The reaction mixture 
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was filtered though a pad of silica gel, washed with Et2O (25 ml). A solution of the product 
in Et2O was stirred for 1h, and then concentrated under reduced pressure. The crude 
residue was chromatographed on silica gel (hexanes/Et2O, 10:1) yielded the titled 
compound as a white solid. Due to the low yield of the reaction and the difficulties in 















 3,3a,4,6a-Tetrahydro-2H-pentalen-1-one (2.33). To a suspension of PCC (106.24 
g, 492.86 mmol) in CH2Cl2 (1000 mL) was added neutral Al2O3 (106.24 g, 1,041.98 mmol) 
at room temperature. After 30 min stirring, the bicyclic alcohol 2.5 (30.6 g, 246.42 mmol) 
was added, and then further stirring for 1.5 h during which time the reaction mixture turned 
a dark black in color. The reaction mixture was passed through a dry silica gel, and then 
further washed with CH2Cl2 (1000 mL). After removing CH2Cl2 under reduced pressure, 
the residue was distilled to give the title compound (24.4 g, 82%) as a pale yellow oil. 1H 
NMR (250 MHz, CDCl3): δ 5.79 (m, 1H), 5.59 (m, 1H), 3.29 (m, 1H), 2.98 (m, 1H), 2.71 
(m, 1H), 2.20 (m, 4H), 1.57 (m, 1H); 13C NMR (62.5 MHz, CDCl3): δ 218.2, 132.3, 127.0, 










 1-Methyl-1,2,3,3a,4,6a-hexahydro-pentalen-1-ol (2.5a). The ketone 2.33 (24.4 g, 
199.74 mmol) dissolved in Et2O (25 ml) was dropwisely added to a solution of MeLi-LiBr 
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(41.29 g, 252.96 ml of 1.5 M in Et2O, 379.43 mmol) in Et2O (500 ml) at 0 °C. After 1 h 
stirring at room temperature, the excess MeLi was quenched by the addition of water (500 
mL) at 0 °C, and two layers were separated. The aqueous layer was extracted with Et2O (3 
x 150 mL). The combined organic layer was dried over MgSO4, filtered, and concentrated 
under reduced pressure. Column chromatography (silica gel, pentane/Et2O, 10:1) yielded 
the title compound (20.7 g, 75%) as a slightly yellow oil. 1H NMR (250 MHz, CDCl3): δ 
5.86 (m, 1H), 5.64 (m, 1H), 2.93 (m, 1H), 2.67 (m, 2H), 2.12 (m, 1H), 1.90 (m, 1H), 1.68 
(m, 1H), 1.39-1.54 (m, 3H), 1.34 (s, 3H); 13C NMR (62.5 MHz, CDCl3): δ 134.2, 128.1, 














silane (2.22a). A procedure analogous to that used for 2.2 afforded the protected alcohol 
2.22a (34.42 g, 91% yield from the alcohol 2.5a on a 149.77 mmol scale) as a clear, 
colorless oil. 1H NMR (250 MHz, CDCl3): δ 5.69 (m, 2H), 2.85 (m, 1H), 2.55-2.70 (m, 
2H), 2.05-2.13 (m, 1H), 1.77-1.87 (m, 1H), 1.62-1.76 (m, 1H), 1.34-1.51 (m, 2H), 1.32 (s, 
3H), 0.88 (s, 9H), 0.09 (s, 3H), 0.06 (s, 3H); 13C NMR (62.5 MHz, CDCl3): δ 132.0, 130.7, 
82.8, 63.7, 42.9, 40.0, 38.4, 32.8, 29.2, 26.3, 18.6, -1.8, -1.9; Anal. Calcd for C15H28OSi: C, 














yloxy)-silane (2.23a). A procedure analogous to that used for 2.23 afforded the epoxide 
2.23a (18.64 g, 89% yield from the protected alcohol 2.22a on a 78.27 mmol scale) as a 
pale yellow oil. 1H NMR (250 MHz, CDCl3): δ 3.51 (m, 1H), 3.45 (m, 1H), 2.22-2.35 (m, 
3H), 1.77-1.85 (m, 2H), 1.46-1.60 (m, 3H), 1.41 (s, 3H), 0.85 (s, 9H), 0.09 (s, 3H), 0.06 (s, 
3H); 13C NMR (62.5 MHz, CDCl3): δ 82.8, 60.8, 59.7, 59.0, 43.9, 40.1, 37.5, 31.9, 28.0, 














1-ol (2.24a). A procedure analogous to that used for 2.24 afforded the alcohol 2.24a (16.52 
g, 93% yield from the epoxide 2.23a on a 66.41 mmol scale) as a pale yellow oil. 1H NMR 
(250 MHz, CDCl3): δ 5.79 (m, 1H), 5.72 (m, 1H), 5.02 (m, 1H), 3.23 (m, 1H), 2.16 (m, 
1H), 1.42-1.74 (s, 5H), 1.37 (s, 3H), 0.87 (s, 9H), 0.11 (s, 3H), 0.06 (s, 3H); 13C NMR 
(62.5 MHz, CDCl3): δ 138.7, 132.7, 81.6, 79.4, 64.1, 47.8, 39.9, 28.8, 28.3, 26.3, 18.6, -1.7, 
















pentalen-1-yloxy]-silane (2.25a). A procedure analogous to that used for 2.25 afforded the 
diallylic ether 2.25a (16.97 g, 91% yield from the alcohol 2.24a on a 58.0 mmol scale) as a 
pale yellow oil. 1H NMR (250 MHz, CDCl3): δ 5.84 (m, 1H), 5.74 (m, 1H), 4.99 (m, 1H), 
4.86 (m, 1H), 4.72 (m, 1H), 3.91 (dd, J = 21.2, 12.6 Hz, 2H), 3.28 (m, 1H), 2.24 (dd, J = 
8.1, 1.4 Hz, 1H), 1.76 (s, 3H), 1.39-1.74 (m, 4H), 1.37 (s, 3H), 0.86 (s, 9H), 0.10 (s, 3H), 
0.06 (s, 3H); 13C NMR (62.5 MHz, CDCl3): δ 143.4, 139.7, 130.4, 112.0, 85.9, 81.5, 72.8, 

















pentalen-1-yl]-2-methyl-prop-2-en-1-ol (2.26a). A procedure analogous to that used for 
2.26 afforded the alcohol 2.26a (13.18 g, 63% ; 5.95 g (29%) of recovered the diallylic 
ether 2.25a on a 64.48 mmol scale) as a pale yellow oil. 1H NMR (250 MHz, CDCl3): δ 
5.88 (m, 1H), 5.62 (m, 1H), 4.90 (d, J = 7.9 Hz, 2H), 3.87 (t, J = 6.2 Hz, 1H), 2.91 (m, 1H), 
2.72 (m, 1H), 2.37 (m, 1H), 1.84 (m, 1H), 1.77 (s, 3H), 1.40-1.73 (m, 4H), 1.30 (s, 3H), 
0.86 (s, 9H), 0.74 (s, 3H), 0.44 (s, 3H); 13C NMR (62.5 MHz, CDCl3): δ 147.1, 136.0, 
129.8, 111.5, 82.4, 79.3, 63.4, 59.5, 43.2, 40.0, 32.0, 29.0, 26.3, 19.2, 18.6, -1.8, -1.9; Anal. 


















pentalen-1-yl]-2-methyl-prop-2-en-1-ol (2.27a). A procedure analogous to that used for 
2.27 afforded the silyl ether 2.27a (19.27 g, 90% yield from the diallylic alcohol 2.26a on a 
49.29 mmol scale) as a colorless oil. 1H NMR (250 MHz, CDCl3): δ 5.79, (m, 1H), 5.70 (m, 
1H), 4.83 (d, J = 1.1 Hz, 2H), 3.68 (d, J = 9.1 Hz, 1H), 2.85 (m, 1H), 2.55 (m, 1H), 2.14 
(m, 1H), 1.59-1.81 (m, 2H), 1.71 (s, 3H), 1.30-1.46 (m, 2H), 1.29 (s, 3H), 0.94 (t, J = 8.1 
Hz, 9H), 0.87 (s, 9H), 0.59 (q, J = 8.0 Hz, 6H), 0.07 (s, 3H), 0.04 (s, 3H); 13C NMR (62.5 
MHz, CDCl3): δ 147.4, 133.7, 132.5, 112.8, 82.6, 82.5, 63.2, 60.6, 42.0, 40.0, 31.9, 29.1, 
26.3, 18.6, 17.3, 7.3, 5.3, -1.8, -1.9; Anal. Calcd for C25H48O2Si2: C, 68.74; H, 11.08; 













2.27a 2.28a  
 3-(tert-Butyl-dimethyl-silanyloxy)-3-methyl-4-(2-methyl-3-triethylsilanyloxy-
allyl)-1,2,3,3a,4,6a-hexahydro-pentalene (2.28a). The silyl ether 2.27a (2.47 g, 5.65 
mmol) without solvent was purged with nitrogen and then heated at 215 °C for 6 h in a 
flask fitted with a reflux condenser . The mixture was then cooled to room temperature. 
The crude residue was chromatographed on silica gel (hexanes/Et2O, 100:1) yielded the 
titled compound (2.25 g, 91%) as a colorless oil. 1H NMR (250 MHz, CDCl3): δ 6.06, (s, 
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1H), 5.54 (m, 1H), 5.50 (m, 1H), 3.01-3.13 (m, 2H), 1.89-1.94 (m, 2H), 1.67-1.82 (m, 2H), 
1.64 (d, J = 1.4 Hz, 3H), 1.42-1.56 (m, 2H), 1.27 (s, 3H), 0.98 (t, J = 8.2 Hz, 9H), 0.87 (s, 
9H), 0.65 (q, J = 8.0 Hz, 6H), 0.09 (s, 3H), 0.06 (s, 3H); 13C NMR (62.5 MHz, CDCl3): δ 
134.9, 134.8, 133.3, 117.0, 82.5, 59.7, 48.8, 45.1, 42.0, 40.1, 29.8, 29.1, 26.3, 18.6, 13.5, 














pentalen-1-yl]-2,2-dimethyl-propionaldehyde (2.4b). A procedure analogous to that used 
for 2.4a afforded the enal 2.4b (0.3 g, 80% yield from the silyl enol ether 2.28a on a 1.11 
mmol scale) as a colorless oil. 1H NMR (250 MHz, CDCl3): δ 9.47 (s, 1H), 5.48 (m, 1H), 
5.42 (m, 1H), 3.11 (m, 1H),2.95 (m, 1H), 1.89 (dd, J = 8.5, 3.0 Hz, 1H), 1.38-1.79 (m, 7H), 
1.29 (s, 3H), 1.35 (s, 3H), 1.06 (s, 3H), 0.86 (s, 9H), 0.09 (s, 3H), 0.05 (s, 3H); 13C NMR 
(62.5 MHz, CDCl3): δ 207.4, 134.5, 133.9, 82.5, 61.5, 48.3, 46.8, 46.4, 43.4, 39.8, 29.5, 
29.4, 26.3, 23.9, 21.0, 18.6, -1.7, -1.9; Anal. Calcd for C20H36O2Si: C, 71.37; H, 10.78; 




















 Oxatitanacyclic Compound (2.30a). A procedure analogous to that used for 2.30 
afforded the enal 2.30a (0.38 g, 82.8% yield from the enal 2.4b on a 0.89 mmol scale) as a 
red solid. 1H NMR (250 MHz, C6D6): δ 6.00 (s, 5H), 5.92 (s, 5H), 4.49-4.64 (m, 2H), 3.72 
(m, 1H), 2.49 (m, 1H), 2.02 (t, J = 9.6 Hz, 1H), 1.79-1.91 (m, 3H), 1.42-1.60 (m, 3H), 1.22 
(s, 3H), 1.15-1.19 (m, 1H), 1.07 (s, 9H), 1.03 (s, 3H), 0.89 (s, 3H), 0.15 (s, 3H), 0.13 (s, 
3H) ); 13C NMR (62.5 MHz, C6D6): δ 114.1, 112.2, 94.2, 83.0, 80.0, 79.3, 63.7, 57.5, 47.0, 
45.9, 45.2, 43.1, 33.2, 28.5, 26.4, 26.3, 23.4, 18.5, -1.9. 
 
2. reductive
    elimination




















 Tetracyclic Lactone (2.3b). A high pressure reactor was charged with the 
metallacyclic compound 2.30a (288 mg, 0.56 mmol) and toluene (15 ml), inside an argon 
filled glove box. After removing the reactor from the glove box, CO (50 psi) was 
introduced into the reactor. The reaction mixture was stirred for 24 h at 110 °C, and then 
CO pressure was cautiously released inside a fume hood. The reaction mixture was filtered 
though a pad of silica gel, washed with Et2O. A solution of the product in Et2O was stirred 
for 1h, and then concentrated under reduced pressure. The crude residue was 
chromatographed on silica gel (hexanes/Et2O, 10:1) yielded the titled compound (0.16 g, 
78%) as a white solid: mp 67 °C. 1H NMR (250 MHz, CDCl3): δ 4.22 (d, J = 6.1 Hz, 1H), 
3.42 (td, J = 9.7, 6.1 Hz, 1H), 3.01 (m, 3H), 2.87 (m, 1H), 2.78 (dd, J = 10.1, 2.9 Hz, 1H), 
1.99-2.18 (m, 2H), 1.70-1.79 (m, 1H), 1.47-1.63 (m, 2H), 1.26 (s, 3H), 1.17 (t, J = 12.2 Hz, 
1H), 0.92 (s, 3H), 0.87 (m, 9H), 1.10 (s, 3H), 0.08, (s, 3H); 13C NMR (62.5 MHz, CDCl3): 
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δ 181.5, 91.6, 83.1, 63.9, 54.6, 52.0, 49.8, 45.6, 45.0, 44.2, 41.7, 32.5, 28.0, 26.4, 24.7, 






















 Hydroxy Lactone (2.3c). A solution of HF (6 mL of  1:1 mixture of 50% HF 
solution and CH3CN)  was added to a solution of the tetracyclic lactone 2.3b (100 mg, 0.27 
mmol) in CH3CN (3 mL) at room temperature. After 1 h stirring, water (15 mL) was added 
to the reaction mixture, and the product was extracted with CH2Cl2 (3 x 15 mL). The 
combined extract was dried over MgSO4, filtered, and concentrated under reduced pressure. 
Column chromatography (silica gel, CH2Cl2/EtOAc, 2:1) yielded the titled compound (62 
mg, 90%) as a white solid: mp 140 °C. 1H NMR (250 MHz, CDCl3): δ 4.23 (d, J = 6.2 Hz, 
1H), 3.47 (m, 1H), 3.03 (m, 1H), 2.78–2.86 (m, 2H), 2.03-2.18 (m, 2H), 1.45-1.71 (m, 5H), 
1.27 (s, 3H), 1.16 (t, J = 12.2 Hz, 1H), 1.07 (s, 3H), 0.94 (s, 3H); 13C NMR (62.5 MHz, 
CDCl3): δ 181.8, 91.8, 80.3, 61.8, 55.1, 52.2, 50.1, 45.4, 44.7, 44.0, 42.4, 32.5, 27.6, 24.8, 
































 Deoxygenated Lactones (2.35 and 2.35a). To a solution of the hydroxyl lactone 
2.3c (54 mg, 0.216 mmol) in CH2Cl2 (10 mL) at 0 °C was added the triethylamine (0.24 g, 
2.37 mmol) and methanesulfonyl chloride (0.247 g, 2.16 mmol). The reaction mixture was 
warmed to room temperature and further stirred for 10h. The reaction mixture was 
quenched with water, extracted with Et2O (3 x 5 mL). The combined organic layer was 
washed successively with 2 M HCl, 5% NaHCO3, water. The combined organic layer was 
dried over MgSO4, filtered, and concentrated under reduced pressure. Column 
chromatography (silica gel, hexanes/EtOAc, 10:1) yielded the inseparable mixture of the 
compounds 2.35 and 2.35a (41 mg, 82%; 2.35 : 2.35a = 0.74 : 0.36) as a white solid. 1H 
NMR (250 MHz, CDCl3): δ 5.24 (t, J = 1.76 Hz, 0.74H), 4.89 (d, J = 23.1 Hz, 0.36H), 4.29 
(m, 1H), 3.09-3.44 (m, 2H), 2.65-2.88 (m, 4H), 2.19-2.41 (m, 1H), 1.68 (s, 3H), 1.55-1.62 



















 Silylated Lactone (2.36). To a solution of the tetracyclic lactone 2.3b (90 mg, 0.25 
mmol) and TMSCl (81 mg, 0.75 mmol) in DME (6 mL) was added LDA (161 mg, 1.50 
mmol) at -78 °C. The stirred mixture was slowly warmed to room temperature and further 
stirring for 24 h. The reaction mixture was quenched with water (6 mL), and the product 
was extracted with Et2O (3 x 6 mL). The combined extract was dried over MgSO4, filtered, 
and concentrated under reduced pressure. Column chromatography (silica gel, 
hexanes/EtOAc, 20:1) yielded the titled compound (27 mg, 25%) as a white solid: mp 115-
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118 °C. 1H NMR (250 MHz, CDCl3): δ 4.05 (d, J = 4.8 Hz, 1H), 3.02-3.20 (m, 3H), 1.93 
(m, 1H), 1.69-1.79 (m, 3H), 1.45-1.61 (m, 3H), 1.27 (s, 3H), 1.20-1.31 (m, 2H), 1.12 (s, 
3H), 0.94 (s, 3H), 0.87 (s, 9H), 0.17 (s, 9H), 0.08 (s, 6H); 13C NMR (62.5 MHz, CDCl3): δ 
183.0, 90.5, 82.0, 65.9, 54.5, 54.2, 53.1, 47.2, 46.8, 45.6, 40.8, 30.1, 27.6, 26.3, 25.1, 23.5, 
18.6, -1.4, -1.8, -1.9; Anal. Calcd for C24H44O3Si2: C, 66.00; H, 10.15; Found: C, 66.15; H, 
10.36. 
2.8.3 Spectral Data 
 Spectral data are shown from the next page. 
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AN APPROACH TO THE SYNTHESIS OF THE CORE STRUCTURE OF 




 Research in our laboratories has focused on the development of various types of 
intramolecular reductive coupling of unsaturated heteroatom containing fragments with 
unsaturated hydrocarbons.3.1 Recently, we reported titanium mediated cyclization of an 
alkyne, a carbonyl, carbon monoxide in the presence of Cp2Ti(PMe3)2 to afford 
carbonylated metallacycles (Scheme 3.2).3.2 A further reductive elimination step would 
provide access to butenolides,3.3 which are frequently found in nature and are a key 
reactive site of many natural products. As part of our continuing efforts in applying our 

















Scheme 3.1 Hetro Pauson-Khand Reaction for Butenolides 
 
 Ginkgolide A (3.1) and B (3.2), produced by the ginkgo tree, Ginkgo biloba, were 
first characterized by Nakanishi in 1967.3.4 Ginkgo extracts have long been used as herbal 
medicines in Asia to treat a variety of conditions, such as cough, asthma, and circulatory 
disorders. Their structural complexity due to six rings, including three lactones, eleven 
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stereogenic centers, ten oxygenated carbons, and four contiguous fully substituted carbon 













Ginkgolide A (3.1): X = H
Ginkgolide B (3.2): X = OH
 
Figure 3.1 Structures of Ginkgolide A and B 
 
In this endeavor, our initial efforts on the synthesis of a tetracyclic analogue of 
ginkgolide A (3.1) and B (3.2), which would serve as a model for further development of a 
new synthetic approach toward these natural products, will be presented. 
 
3.2 Retrosynthetic Analysis 
 The target model 3.3 represents much of the core structure of ginkgolides, only 
differing by the absence of the lactone acetal rings. Our retrosynthetic route, which leads to 
the target model 3.3 involves two sequential cyclocarbonylations of properly 
functionalized ynals to provide four pentacyclic rings including two lactone rings in a 
stereospecific manner (Scheme 3.2). The key linear precursor 3.6 would be readily 
available from a coupling reaction between the bromide 3.7 and propyne. 
 
3.3 Initial Reactions 
The synthesis started from tetrahydrofuran, which was readily cleaved by t-
butyldimethylsilyl iodide generated in situ by reaction of TBSCl with NaI in acetonitrile to 
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give the corresponding iodo compound 3.103.6 (Scheme 3.3). Subsequent alkylation of 3.10 



















Ginkgolide A (3.1): X = H

































Scheme 3.3 Synthesis of the Alkyne 3.11 
 
 For synthesis of the bromide 3.12, it was anticipated that sequential treatment of the 
alkyne 3.11 with a base followed by bromination of the resultant acetylide would afford 
the desired bromide 3.12. Initial attempts to form the bromide 3.12 using NaNH2 as a base 
were unsuccessful. Thus, we decided to use a stronger base (n-BuLi), to generate the 
lithium acetylide. The desired bromide 3.12 was formed using this methodology, but due 
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to the low yield (33%), we explored an alternative route. To our delight, treatment of the 
alkyne 3.11 with CBr4 and PPh3 in the presence of Zn in CH2Cl2 resulted in a smooth 








  -78 °C
ii. Br2
i. n-BuLi, THF









Scheme 3.4 Synthesis of the Bromide 3.12 
 
3.4 Approaches toward Hetero Pauson-Khand Reaction 
With the bromide 3.12 in hand, we were able to examine a coupling reaction 
between 3.12 and propyne. However, due to the volatility of propyne and the difficulty in 
isolation of the product 3.133.8, we also investigated the utilization of in situ prepared 
copper(I) acetylide from trimethysilyl acetylene 3.14. Thus, when the bromide 3.12 was 
treated with trimethysilyl acetylene in the presence of CuI (10%) in pyrrolidine, the desired 
diyne compound 3.15 was afforded in 82% yield (Scheme 3.5).3.9 
 Selective deprotection of the TBS group from the diyne 3.15 was achieved by 
action of pyridinium p-toluenesulfonate (PPTS) in methanol while leaving the TMS-yne 
moiety untouched (86% yield).3.10 The resulting alcohol compound 3.16 was then oxidized 
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by action of PCC to provide the cyclocarbonylation precursor 3.17 in 90% yield (Scheme 
3.6).  
HMe CuMe
Br OTBS+HTMS 10% CuI
pyrrolidine
   (82%)
OTBSTMS
i. n-BuLi, THF




Scheme 3.5 Synthesis of the Diyne 3.15 












































Scheme 3.7 Efforts toward the Hetero Pauson-Khand Product 3.20 
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 Treatment of the ynal 3.17 with Cp2Ti(PMe3)2 formed the metallacyclic compound 
3.18, which was confirmed by 1H NMR data. However, due to the difficulty of the 
reductive elimination step of the carbonylated metallacycle intermediate 3.19, the lactone 
3.20 was not formed (Scheme 3.7). 
 
3.5 Conclusion 
 Cyclocarbonylation precursor 3.17 has been efficiently synthesized. It was hoped 
that the titanium mediated reductive cyclization of 3.17 would introduce a butenolide 
moiety of the target model. Unfortunately, the reductive elimination step was unsuccessful. 
At this point, further tasks to effect reductive elimination on this system remain, in order to 
advance towards the target molecule. 
 
3.6 Experimental 
3.6.1 General Experimental 
 All experiments were performed under a nitrogen or argon atmosphere in oven-
dried glassware using a Vacuum Atmospheres dry box, or by using standard Schlenk 
techniques. Solvents used as reaction media were distilled immediately before use. Et2O 
and THF were distilled from Na/benzophenone ketyl. CH2Cl2 was distilled from calcium 
hydride. Carbon monoxide of 2.3 grade (99.3%) was purchased from BOC Gases, New 
Jersey. Cp2Ti(PMe3)23.11 and PMe33.12 were prepared as described in literature. Titanocene 
dichloride was purchased from Alfa Chemicals.  Other reagents were purified by simple 
distillation or by passing through a short column of activated alumna or silica gel. 1H and 
13C NMR spectra were recorded on a Bruker AC-250 (250 MHz 1H, 62.5 MHz 13C) 
spectrometer in deuterated solvents using the solvent carbon or residual protons (CHCl3: 
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7.27 ppm 1H, 77.23 ppm13C, C6D5H: 7.15 ppm 1H) as an internal reference unless 
otherwise stated. Chemical shifts (δ) are given in parts per million down from 
tetramethylsilane (TMS). Data for 1H NMR spectra are reported as follows: chemical shift 
(δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, dd = 
doublet of doublets, dt = doublet of triplets, ddd = doublet of doublet of doublets, ddt = 
doublet of doublet of triplets, m = multiplet), coupling constant (Hz), and integration. 
 Analytical thin layer chromatography (TLC) was performed on Scientific 
Adsorbent Company Inc. silica gel plates. Components were visualized by illumination 
with long wave ultraviolet light, exposure to iodine vapor, or by standing with p-
anisaldehyde in ethanol/sulfuric acid. Flash column chromatography was performed using 
silica gel (Scientific Adsorbent Company Inc. 32-63 µm particle size, 60 Å pore size). 







3.9 3.10  
 tert-Butyl-(4-iodo-butoxy)-dimethyl-silane (3.10). To a solution of TBSCl (15 g, 
99.52 mmol) in CH3CN (50 mL) was added NaI (30 g, 200.15 mmol) and THF (20 mL, 
246.57 mmol). The reaction mixture was left to stir overnight at 60 ºC. After the reaction 
mixture was cooled to room temperature, it was poured into a separatory funnel containing 
water. The reaction mixture was extracted with pentane/ether (9 : 1, 3 x 500 mL), and the 
combined organic layer was washed with saturated aqueous NaHCO3. After drying over 
MgSO4, the solvent was removed under reduced pressure. Column chromatography (silica 
gel, hexanes/EtOAc, 20:1) yielded the titled compound (26.43 g, 85%) as a colorless oil. 
1H NMR (250 MHz, CDCl3): δ 3.63 (t, J = 6.2 Hz, 2H), 3.22 (t, J = 7.0 Hz, 2H), 1.91 (m, 
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2H), 1.61 (m, 2H), 0.89 (s, 9H), 0.05 (s, 6H); 13C NMR (62.5 MHz, CDCl3): δ 61.9, 33.5, 










 tert-Butyl-hex-5-ynyloxy-dimethyl-silane (3.11). The iodo compound 3.10 (16.20 
g, 51.55 mmol) dissolved in THF (10 mL) was slowly added to a mixture of dry sodium 
acetylide (3.3 g, 68.74 mmol) (which was previously filtered from xylene and light mineral 
oil with pentane) and DMPU (30 mL) in THF (50 mL) at 0 ºC. After stirring for 4h at room 
temperature, the reaction mixture was quenched with saturated aqueous NH4Cl (100 mL) 
and the two layers were then separated. The aqueous layer was extracted with Et2O (3 x 80 
mL). The combined organic layers were dried over MgSO4, filtered, and concentrated 
under reduced pressure. Column chromatography (silica gel, hexanes/EtOAc, 20:1) yielded 
the title compound (6.55 g, 60%) as a colorless oil. 1H NMR (250 MHz, CDCl3): δ 3.62 (m, 
2H), 2.21 (m, 2H), 1.93 (t, J = 2.62 Hz, 1H), 1.60 (m, 4H), 0.88 (s, 9H), 0.34 (s, 6H); 13C 
















 (6-Bromo-hex-5-ynyloxy)-tert-butyl-dimethyl-silane (3.12). Procedure A: To a 
solution of the alkyne 3.11 (0.8 g, 3.77 mmol) in THF (10 mL) was added n-BuLi (1.57 
mL of 2.4 M solution in hexane, 3.77 mmol) at -78 °C. The reaction mixture was warmed 
to 0 °C and stirred further for 1 h. Br2 (0.602 g, 3.77 mmol) was added slowly at  -78 °C, 
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and stirred further for 15 min at the same temperature. The reaction mixture was quenched 
with ice water and extracted with Et2O (3 x 10 mL). The combined organic layer was dried 
over MgSO4, filtered and concentrated under reduced pressure. Column chromatography 
(silica gel, hexanes/EtOAc, 10:1) yielded the titled compound (0.36 g, 33%) as a pale 
brown oil. 
 Procedure B: To a solution of the alkyne 3.11 (1.2 g, 5.65 mmol) and CBr4 (3.75 g, 
11.31 mmol) in CH2Cl2 (20 mL) was added Ph3P (2.97 g, 11.32 mmol) and Zn (0.74 g, 
11.32 mmol) at room temperature. After 5 h of stirring, Et2O (20 mL) was added in order 
to precipitate the phosphonium salt, which was then removed by filtration. The filtrate was 
passed through a dry silica gel, and then further washed with Et2O (60 mL). After 
removing the solvent under reduced pressure, the residue was chromatographed on silica 
gel (hexanes/EtOAc, 10:1) to yield the titled compound (1.35 g, 82%) as a pale brown oil. 
1H NMR (250 MHz, CDCl3): δ 3.63 (m, 2H), 2.23 (m, 2H), 1.59 (m, 4H), 0.89 (s, 9H), 
0.04 (s, 6H); 13C NMR (62.5 MHz, CDCl3): δ 80.6, 62.9, 38.1, 32.2, 26.4, 25.2, 19.9, 18.7, 
-4.9. 
 
Br OTBS+HTMS 10% CuI
pyrrolidine
OTBSTMS
3.12 3.153.14  
 8-(tert-Butyl-dimethyl-silanyloxy)-1-trimethylsilanyl-octa-1,3-diyne (3.15). To a 
solution of the bromide 3.12 (5.30 g, 18.19 mmol) and the alkyne 3.14 (3.58 g, 36.45 
mmol) in pyrrolidine (20 ml), was added CuI (0.347 g, 1.82 mmol). After 30 min of 
stirring, the reaction mixture was quenched with a saturated aqueous solution of NH4Cl, 
and the product was extracted with Et2O (20 mL x 3). The combined extracts were dried 
over MgSO4, filtered and concentrated under reduced pressure. Column chromatography 
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(silica gel, hexanes/EtOAc, 10:1) yielded the titled compound (4.60 g, 82%) as a pale 
brown oil. 1H NMR (250 MHz, CDCl3): δ 3.62 (m, 2H), 2.29 (m, 2H), 1.60 (m, 4H), 0.88 
(s, 9H), 0.18 (s, 9H), 0.04 (s, 6H); 13C NMR (62.5 MHz, CDCl3): δ 88.9, 83.4, 80.4, 66.0, 








 8-Trimethylsilanyl-octa-5,7-diyn-1-ol (3.16).3.13 To a solution of the diyne 3.15 
(2.0 g, 6.48 mmol) in anhydrous MeOH (25 ml), was added of pyridium p-toluenesulfonate 
(0.49 g, 1.95 mmol). After 2 h of stirring at 60 °C, the reaction mixture was quenched with 
a saturated aqueous solution of NaHCO3, and the product was extracted with Et2O (15 mL 
x 3). The combined extracts were dried over MgSO4, filtered and concentrated under 
reduced pressure. Column chromatography (silica gel, hexanes/EtOAc, 2:1) yielded the 
titled compound (1.08 g, 86%) as a pale yellow oil. 1H NMR (250 MHz, CDCl3): δ 3.62 (m, 
2H), 2.30 (m, 2H), 1.94 (m, 1H), 1.61 (m, 4H), 0.15 (s, 9H); 13C NMR (62.5 MHz, 









 8-Trimethylsilanyl-octa-5,7-diynal (3.17).3.13 A suspension of PCC (4.43 g, 20.55 
mmol) and activated neutral Al2O3 (4.43 g, 43.45 mmol) in CH2Cl2 (100 ml) was stirred at 
room temperature. After 30 min of stirring, the alcohol 3.16 (2.0 g, 10.41 mmol) was 
added, and the reaction mixture was further stirred for 1.5 h. The reaction mixture was 
passed through a dry silica gel plug, and then further washed with CH2Cl2 (200 mL). After 
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removing the solvent under reduced pressure, the residue was chromatographed on silica 
gel (hexanes/EtOAc, 10:1) to yield the titled compound (1.78 g, 90%) as a pale yellow oil. 
1H NMR (250 MHz, CDCl3): δ 9.76 (s, 1H), 2.60 (dt, J = 7.18 Hz, J = 1.01 Hz,  2H), 2.35 
(t,  J = 6.85 Hz, 2H), 1.84 (quin, J = 7.0 Hz, 1H), 0.17 (s, 9H); 13C NMR (62.5 MHz, 












 Oxatitanacyclic Compound (3.18). To a solution of Cp2Ti(PMe3)2 (0.30 g, 0.91 
mmol) in Et2O (10 ml) was added the ynal 3.17 (0.173 g, 0.91 mmol) inside an argon filled 
glove box. The reaction mixture was allowed to stir for 6 h at room temperature. During 
that time the color changed from black to dark red. The reaction mixture was filtered 
through a pad of Celite and rinsed with Et2O. The Solvent was removed under reduced 
pressure and the red solid residue was re-dissolved in a minimum amount of Et2O. The 
product was crystallized overnight at -33 °C overnight. The product (red solid) was 
collected by decantation and dried under vacuum. Because of some impurities and  titled 
compound’s instability, exact yield was not able to calculate. 1H NMR (250 MHz, C6D6): δ 
6.09 (s, 5H), 5.96 (s, 5H), 4.91 (m, 1H), 2.42 (m, 1H), 2.21 (m, 1H), 1.69 (m, 2H), 1.43 (m, 







    elimination







 Procedure toward the Lactone (3.20). A high pressure reactor was charged with 
Cp2Ti(PMe3)2 (0.21 g, 0.64 mmol), the ynal 3.17 (0.12 g, 0.63 mmol) and toluene (15 ml), 
inside an argon filled glove box. After removing the reactor from the glove box, CO (50 
psi) was introduced into the reactor. The reaction mixture was stirred for 24 h at 110 °C, 
and then CO pressure was cautiously released inside a fume hood. The reaction mixture 
was filtered though a pad of silica gel, washed with Et2O. A solution of the product in Et2O 
was stirred for 1h during which time the carbonylated metallacycle intermediate 
decomposed. 
3.6.3 Spectral Data 
 Spectral data are shown from the next page. 
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X-RAY STRUCTURE REPORTS RELEVANT TO CHAPTER 2 
 
A.1 X-Ray Structure Report for the Oxatitanacyclic Compound 2.30 
 
 
Figure A.1 ORTEP plot of the Oxatitanacyclic Compound 2.30 
 
A.1.1 Crystal Data 
C29H44O2SiTi 
Mr = 500.63 
Monoclinic 
C2/c 
a = 29.5850 (3) Å 
b = 8.14990 (10) Å 
c = 23.3376 (3) Å 
β = 103.6571 (5)° 
V = 5467.94 (11) Å3 
Z = 8 
Dx = 1.216 Mg m–3 
Mo Kα radiation 
λ = 0.71073 Å 
Cell parameters from 8497 reflections 
θ = 2.5-30.0° 
µ = 0.380 mm-1 
T = 120 K 
Lath fragment 
Orange-brown 
0.35 × 0.25 × 0.10 mm 
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Crystal source: local laboratory 
Dm not measured  
 
A.1.2 Data collection 
KappaCCD (with Oxford Cryostream)  
   diffractometer 
ω scans with κ offsets 
Absorption correction: 
   multi-scan HKL Scalepack (Otwinowski  
   & Minor 1997) 
   Tmin = 0.920, Tmax = 0.963 
55834 measured reflections 
7989 independent reflections 
 
 
6086 reflections with  
   I > 2σ(I) 
Rint = 0.024 
θmax = 30.0° 
h = – 41 → 41 
k = –11 → 11 
l = –32 → 32 





Refinement on F2 
R[F2 > 2σ(F2)] = 0.042 
wR(F2) = 0.099 
S = 1.061 
7989 reflections 
305 parameters 
H-atom parameters constrained 
w=1/[ σ2(Fo2) + (0.0305P)2 + 7.3819P] 
     where P = (Fo + 2(Fo2)/3 
(∆/σ)max = 0.001 
∆ρmax = 0.34 e Å –3 
∆ρmin = –0.36 e Å –3 
Extinction correction: none 
Scattering factors from International  




Table A.1.1 Fractional atomic coordinates and equivalent isotropic displacement  
                        Parameters (Å2) for the Oxatitanacyclic Compound 2.30 
 
Ueq = (1/ 3) Σ iΣjUijaiajai.aj. 
 
           x                  y                 z             Ueq 
 
Ti1  0.671354 (10) 0.58671 (3)  0.632403 (12)  0.01627 (7) 
Si1 0.584519 (18) 0.75585 (6)  0.34588 (2)  0.02350 (11) 
O1  0.61169 (4)  0.65169 (13)  0.63439 (5) 0.0176 (2) 
O2  0.61625 (4)  0.81000 (13)  0.41088 (5)  0.0218 (2) 
C1 0.64966 (5)  0.71606 (18)  0.54478 (7)  0.0167 (3) 
C2 0.59548 (5) 0.69309 (18)  0.52866 (6)  0.0154 (3) 
C3 0.57573 (5) 0.64006 (19)  0.58193 (6)  0.0167 (3) 
C4 0.53596 (5) 0.76171 (19) 0.58371 (7)  0.0183 (3) 
C5 0.55417 (5) 0.91975 (19) 0.56126 (7)  0.0186 (3) 
    (table cont.) 
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    (table cont.) 
C6 0.57397 (5)  0.86425 (18)  0.50912 (7)  0.0170 (3) 
C7 0.61307 (5)  0.97095 (19)  0.49759 (7) 0.0171 (3) 
C8  0.62087 (6)  0.97238 (19)  0.43523 (7)  0.0199 (3) 
C9  0.67154 (6) 1.0275 (2)  0.44560 (7)  0.0242 (4) 
C10 0.69673 (6)  0.9374 (2)  0.50224 (8)  0.0250 (4) 
C11  0.65880 (5)  0.90127 (19)  0.53664 (7)  0.0178 (3) 
C12  0.49150 (6)  0.7022 (2)  0.54004 (7)  0.0225 (3) 
C13  0.52665 (6)  0.7788 (2)  0.64506 (7)  0.0244 (4) 
C14  0.52171 (7) 0.7408 (3)  0.34729 (9)  0.0362 (5) 
C15 0.59125 (10)  0.9083 (3) 0.28860 (9)  0.0492 (6) 
C16  0.60822 (6)  0.5490 (2)  0.33247 (7)  0.0237 (4) 
C17  0.60402 (7) 0.4305 (2)  0.38175 (9) 0.0356 (4) 
C18  0.58181 (7)  0.4775 (3)  0.27299 (9)  0.0386 (5) 
C19 0.66008 (7)  0.5661 (3)  0.33338 (10)  0.0415 (5) 
C20 0.72708 (6) 0.8049 (2)  0.65334 (7)  0.0225 (3) 
C21  0.74951 (6)  0.6640 (2)  0.68220 (7)  0.0254 (4) 
C22  0.72621 (6)  0.6177 (2)  0.72605 (7)  0.0254 (4) 
C23  0.69032 (6) 0.7324 (2)  0.72486 (7)  0.0234 (3) 
C24 0.69087 (6)  0.8469 (2)  0.68037 (7)  0.0216 (3) 
C25 0.69686 (7)  0.3732 (2)  0.57417 (8)  0.0299 (4) 
C26 0.71621 (7) 0.3327 (2)  0.63312 (8)  0.0302 (4) 
C27  0.67961 (7)  0.3026 (2)  0.66059 (8)  0.0288 (4) 
C28  0.63744 (7)  0.3159 (2)  0.61734 (8)  0.0275 (4) 
C29  0.64807 (7)  0.3613 (2)  0.56447 (8)  0.0279 (4) 
 
 
Table A.1.2 Anisotropic displacement parameters (Å2) for the Oxatitanacyclic  
                       Compound 2.30 
 
    U11        U22         U33          U12            U13               U23 
Ti1 0.01565 (13)  0.01489 (13) 0.01647 (13)  0.00013 (11)  0.00020 (10)   0.00027 (10) 
Si1 0.0299 (3)  0.0210 (2)  0.0168 (2)  _0.00323 (19) _0.00008 (18)   0.00034 (17) 
O1 0.0150 (5)  0.0203 (5)  0.0156 (5)  _0.0008 (4)  _0.0003 (4)   0.0011 (4) 
O2  0.0286 (6)  0.0174 (5)  0.0175 (5)  _0.0020 (5)  0.0016 (5)  _0.0010 (4) 
C1  0.0164 (7)  0.0169 (7) 0.0161 (7)  _0.0003 (6)  0.0021 (6)  _0.0001 (6) 
C2  0.0151 (7)  0.0142 (7)  0.0154 (7)  _0.0007 (6)   0.0008 (6)  _0.0012 (5) 
C3  0.0147 (7)  0.0165 (7)  0.0168 (7) _0.0019 (6) _0.0005 (6)  _0.0004 (6) 
C4  0.0157 (7)  0.0203 (7)  0.0182 (7)   0.0012 (6)   0.0026 (6)  0.0012 (6) 
C5  0.0179 (7)  0.0158 (7)  0.0214 (7)   0.0018 (6)  0.0031 (6)   0.0000 (6) 
C6  0.0172 (7)  0.0156 (7)  0.0165 (7)   0.0002 (6)  0.0009 (6)  _0.0001 (6) 
C7  0.0192 (8)  0.0134 (7)  0.0172 (7)   0.0001 (6)  0.0012 (6)   0.0012 (6) 
C8  0.0241 (8)  0.0152 (7)  0.0186 (7)  _0.0015 (6)  0.0017 (6)  0.0013 (6) 
C9  0.0264 (9)  0.0242 (8)  0.0227 (8)  _0.0049 (7)   0.0071 (7)   0.0026 (7) 
               (table cont.) 
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      (table cont.) 
C10  0.0198 (8)  0.0259 (9)  0.0289 (9) _0.0028 (7)   0.0048 (7)  0.0064 (7) 
C11 0.0169 (7) 0.0178 (7)  0.0174 (7) _0.0018 (6)   0.0016 (6)   0.0014 (6) 
C12  0.0167 (8)  0.0249 (8)  0.0248 (8) _0.0013 (6)   0.0029 (6)   0.0027 (7) 
C13 0.0236 (9)  0.0276 (9)  0.0234 (8)   0.0026 (7)   0.0081 (7)   0.0008 (7) 
C14 0.0300 (10)  0.0355 (11)  0.0378 (11)   0.0074 (8)  _0.0027 (8)  _0.0101 (9) 
C15  0.0809 (18) 0.0357 (11) 0.0240 (10)  _0.0146 (11)  _0.0020 (10)   0.0074 (9) 
C16 0.0219 (8) 0.0288 (9)  0.0213 (8)  _0.0052 (7)   0.0069 (7)  _0.0060 (7) 
C17  0.0435 (12)  0.0242 (9)  0.0425 (11)   0.0059 (8)   0.0172 (9)   0.0030 (8) 
C18 0.0354 (11) 0.0435 (12)  0.0342 (10)  _0.0032 (9)  0.0028 (9)  _0.0177 (9) 
C19  0.0281 (10) 0.0554 (13)  0.0448 (12) _0.0129 (9)   0.0161 (9)  _0.0224 (10) 
C20  0.0187 (8) 0.0256 (8)  0.0206 (8)  _0.0075 (7)  _0.0009 (6)  0.0004 (6) 
C21  0.0155 (8)  0.0321 (9)  0.0252 (8) _0.0017 (7)  _0.0019 (6) _0.0006 (7) 
C22 0.0231 (9)  0.0280 (9)  0.0198 (8)  _0.0026 (7)  _0.0054 (6)  0.0030 (7) 
C23  0.0229 (8)  0.0277 (9)  0.0169 (7)  _0.0046 (7)  _0.0006 (6) _0.0026 (6) 
C24  0.0219 (8)  0.0194 (8)  0.0198 (8)  _0.0046 (6)  _0.0030 (6)  _0.0034 (6) 
C25  0.0398 (11) 0.0204 (8)  0.0312 (9)   0.0070 (8)   0.0117 (8) _0.0020 (7) 
C26  0.0288 (10)  0.0213 (9)  0.0372 (10)  0.0097 (7)   0.0010 (8)  _0.0010 (7) 
C27  0.0396 (11)  0.0172 (8)  0.0264 (9)   0.0045 (7)   0.0017 (8)   0.0037 (7) 
C28  0.0304 (10)  0.0130 (7)  0.0369 (10)  _0.0015 (7)   0.0034 (8) _0.0005 (7) 
C29  0.0386 (11)  0.0138 (7)  0.0256 (9)   0.0033 (7)  _0.0038 (8)  _0.0033 (6) 
 
 
Table A.1.3 Selected geometric parameters (Å2) for the Oxatitanacyclic Compound 2.30 
 
Ti1—O1  1.8540 (11) C8—H8  1.000  
Ti1—C1  2.2550 (15) C9—C10 1.541 (2) 
Ti1—C20 2.3953 (16) C9—H9A  0.9900  
Ti1—C27  2.4033 (17) C9—H9B  0.9900  
Ti1—C24  2.4034 (16) C10—C11 1.554 (2) 
Ti1—C22  2.4082 (16) C10—H10A 0.9900  
Ti1—C23  2.4102 (16) C10—H10B 0.9900  
Ti1—C21  2.4135 (17) C11—H11  1.0000  
Ti1—C28  2.4153 (17) C12—H12A  0.9800  
Ti1—C29  2.4184 (17) C12—H12B 0.9800  
Ti1—C25  2.4346 (18) C12—H12C  0.9800  
Ti1—C26 2.4571 (17) C13—H13A 0.9800  
Si1—O2  1.6445 (12) C13—H13B 0.9800  
Si1—C15  1.870 (2) C13—H13C  0.9800  
Si1—C14  1.870 (2) C14—H14A 0.9800  
Si1—C16  1.8804 (18) C14—H14B  0.9800  
O1—C3  1.4229 (17) C14—H14C  0.9800  
   (table cont.) 
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O2—C8  1.4340 (19) C15—H15A 0.9800  
C1—C11  1.553 (2) C15—H15B 0.9800  
C1—C2  1.569 (2) C15—H15C  0.9800  
C1—H1 1.000  C16—C17  1.529 (3) 
C2—C3  1.555 (2) C16—C19  1.536 (2) 
C2—C6  1.556 (2) C16—C18  1.538 (2) 
C2—H2  1.000  C17—H17A  0.9800  
C3—C4  1.547 (2) C17—H17B  0.9800  
C3—H3 1.000  C17—H17C  0.9800  
C4—C13 1.527 (2) C18—H18A 0.9800  
C4—C5  1.535 (2) C18—H18B  0.9800  
C4—C12 1.540 (2) C18—H18C 0.9800  
C5—C6  1.538 (2) C19—H19A  0.9800  
C5—H5A 0.9900  C19—H19B  0.9800  
C5—H5B 0.9900  C19—H19C  0.9800  
C6—C7  1.521 (2) C20—C24  1.408 (2) 
C6—H6 1.000  C20—C21 1.414 (2) 
C7—C8  1.527 (2) C20—H20  0.9500  
C7—C11 1.549 (2) C21—C22  1.414 (3) 
C7—H7  1.000  C21—H21  0.9500  
C8—C9  1.528 (2) C22—C23  1.410 (3) 
C22—H22  0.9500  C23—Ti1—C21  56.37 (6) 
C23—C24  1.398 (2) O1—Ti1—C28  84.22 (6) 
C23—H23  0.9500  C1—Ti1—C28  106.00 (6) 
C24—H24  0.9500  C20—Ti1—C28  161.83 (6) 
C25—C26  1.399 (3) C27—Ti1—C28 34.07 (6) 
C25—C29  1.411 (3) C24—Ti1—C28  156.88 (6) 
C25—H25  0.9500  C22—Ti1—C28  113.32 (6) 
C26—C27  1.404 (3) C23—Ti1—C28      125.56 (6) 
C26—H26  0.9500  C21—Ti1—C28      128.79 (6) 
C27—C28  1.412 (3) O1—Ti1—C29      96.20 (6) 
C27—H27  0.9500  C1—Ti1—C29      77.56 (6) 
C28—C29  1.393 (3) C20—Ti1—C29     140.66 (7) 
C28—H28  0.9500  C27—Ti1—C29      56.11 (6) 
C29—H29  0.9500  C24—Ti1—C29      167.29 (6) 
O1—Ti1—C1 79.65 (5)  C22—Ti1—C29      134.53 (6) 
O1—Ti1—C20 113.35 (6) C23—Ti1—C29      158.65 (6) 
C1—Ti1—C20  82.69 (6) C21—Ti1—C29      127.31 (6) 
O1—Ti1—C27  107.71 (6) C28—Ti1—C29      33.50 (6) 
      (table cont.) 
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C1—Ti1—C27  133.42 (6) O1—Ti1—C25  129.83 (6) 
C20—Ti1—C27  129.69 (6) C1—Ti1—C25  83.52 (6) 
O1—Ti1—C24  82.06 (5) C20—Ti1—C25  110.80 (7) 
C1—Ti1—C24  89.75 (6) C27—Ti1—C25 55.92 (6) 
C20—Ti1—C24  34.12 (6) C24—Ti1—C25  144.91 (7) 
C27—Ti1—C24  136.43 (6) C22—Ti1—C25  110.51 (6) 
O1—Ti1—C22  112.89 (6) C23—Ti1—C25  144.54 (6) 
C1—Ti1—C22  139.50 (6) C21—Ti1—C25  93.86 (7) 
C20—Ti1—C22  56.84 (6) C28—Ti1—C25  55.86 (7) 
C27—Ti1—C22  81.35 (6) C29—Ti1—C25  33.79 (6) 
C24—Ti1—C22  56.52 (6) O1—Ti1—C26  139.15 (6) 
O1—Ti1—C23  81.87 (5) C1—Ti1—C26  115.96 (6) 
C1—Ti1—C23  122.52 (6) C20—Ti1—C26  106.23 (6) 
C20—Ti1—C23  56.50 (6) C27—Ti1—C26  33.56 (7) 
C27—Ti1—C23  104.04 (6) C24—Ti1—C26  132.08 (6) 
C24—Ti1—C23  33.78 (6) C22—Ti1—C26  80.51 (6) 
C22—Ti1—C23 34.03 (6) C23—Ti1—C26  113.45 (6) 
O1—Ti1—C21 136.30 (6) C21—Ti1—C26  76.25 (6) 
C1—Ti1—C21  110.47 (6) C28—Ti1—C26  55.68 (6) 
C20—Ti1—C21 34.21 (6) C29—Ti1—C26  55.53 (6) 
C27—Ti1—C21  95.50 (6) C25—Ti1—C26  33.24 (6) 
C24—Ti1—C21  56.49 (6) O2—Si1—C15  110.31 (8) 
C22—Ti1—C21  34.10 (6) O2—Si1—C14 110.77 (8) 
C15—Si1—C14  109.26 (11) C2—C6—H6  110.4 
O2—Si1—C16  103.89 (7) C6—C7—C8  117.74 (13) 
C15—Si1—C16  111.72 (10) C6—C7—C11  106.33 (12) 
C14—Si1—C16  110.82 (8) C8—C7—C11  104.84 (13) 
C3—O1—Ti1  118.84 (9) C6—C7—H7  109.2 
C8—O2—Si1  126.40 (10) C8—C7—H7  109.2 
C11—C1—C2  106.51 (12) C11—C7—H7  109.2 
C11—C1—Ti1 123.01 (10) O2—C8—C7  110.43 (12) 
C2—C1—Ti1  102.57 (9) O2—C8—C9  109.39 (13) 
C11—C1—H1  108 C7—C8—C9  102.40 (13) 
C2—C1—H1  108 O2—C8—H8  111.4 
Ti1—C1—H1  108 C7—C8—H8  111.4 
C3—C2—C6  106.18 (12) C9—C8—H8  111.4 
C3—C2—C1  113.40 (12) C8—C9—C10  104.68 (13) 
C6—C2—C1  106.70 (12) C8—C9—H9A  110.8 
C3—C2—H2  110.1 C10—C9—H9A  110.8 
   (table cont.) 
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C6—C2—H2  110.1 C8—C9—H9B  110.8 
C1—C2—H2  110.1 C10—C9—H9B  110.8 
O1—C3—C4  110.68 (12) H9A—C9—H9B  108.9 
O1—C3—C2  108.88 (12) C9—C10—C11  105.75 (13) 
C4—C3—C2  105.98 (12) C9—C10—H10A  110.6 
O1—C3—H3  110.4 C11—C10—H10A  110.6 
C4—C3—H3  110.4 C9—C10—H10B  110.6 
C2—C3—H3  110.4 C11—C10—H10B  110.6 
C13—C4—C5  113.52 (13) H10A—C10—H10B 108.7 
C13—C4—C12  109.54 (14) C7—C11—C1  105.98 (12) 
C5—C4—C12  110.61 (13) C7—C11—C10  105.26 (12) 
C13—C4—C3  112.98 (13) C1—C11—C10  114.53 (13) 
C5—C4—C3  101.43 (12) C7—C11—H11  110.3 
C12—C4—C3  108.47 (13) C1—C11—H11  110.3 
C4—C5—C6  104.67 (12) C10—C11—H11  110.3 
C4—C5—H5A  110.8 C4—C12—H12A  109.5 
C6—C5—H5A 110.8 C4—C12—H12B  109.5 
C4—C5—H5B  110.8 H12A—C12—H12B  109.5 
C6—C5—H5B  110.8 C4—C12—H12C  109.5 
H5A—C5—H5B  108.9 H12A—C12—H12C  109.5 
C7—C6—C5  114.81 (13) H12B—C12—H12C  109.5 
C7—C6—C2  106.79 (12) C4—C13—H13A  109.5 
C5—C6—C2  103.75 (12) C4—C13—H13B  109.5 
C7—C6—H6  110.4 H13A—C13—H13B  109.5 
C5—C6—H6 110.4 C4—C13—H13C  109.5 
H13A—C13—H13B  109.5 C24—C20—Ti1  73.26 (9) 
C4—C13—H13C  109.5 C21—C20—Ti1  73.60 (10) 
H13A—C13—H13C 109.5 C24—C20—H20 126.1 
H13B—C13—H13C  109.5 C21—C20—H20  126.1 
Si1—C14—H14A  109.5 Ti1—C20—H20  118.9 
Si1—C14—H14B  109.5 C22—C21—C20 107.89 (16) 
H14A—C14—H14B  109.5 C22—C21—Ti1  72.75 (9) 
Si1—C14—H14C  109.5 C20—C21—Ti1  72.19 (9) 
H14A—C14—H14C  109.5 C22—C21—H21 126.1 
H14B—C14—H14C  109.5 C20—C21—H21 126.1 
Si1—C15—H15A  109.5 Ti1—C21—H21  120.8 
Si1—C15—H15B  109.5 C23—C22—C21 107.59 (15) 
H15A—C15—H15B  109.5 C23—C22—Ti1  73.06 (9) 
Si1—C15—H15C  109.5 C21—C22—Ti1  73.16 (9) 
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H15A—C15—H15C  109.5 C23—C22—H22 126.2 
H15B—C15—H15C 109.5 C21—C22—H22  126.2 
C17—C16—C19  107.77 (16) Ti1—C22—H22  119.5 
C17—C16—C18 109.01 (16) C24—C23—C22 108.43 (16) 
C19—C16—C18 109.87 (15) C24—C23—Ti1  72.84 (9) 
C17—C16—Si1  109.94 (12) C22—C23—Ti1 72.91 (10) 
C19—C16—Si1 109.09 (13) C24—C23—H23 125.8 
C18—C16—Si1  111.10 (13) C22—C23—H23 125.8 
C16—C17—H17A 109.5 Ti1—C23—H23  120.2 
C16—C17—H17B  109.5 C23—C24—C20 108.30 (15) 
H17A—C17—H17B  109.5 C23—C24—Ti1  73.38 (9) 
C16—C17—H17C  109.5 C20—C24—Ti1  72.63 (9) 
H17A—C17—H17C  109.5 C23—C24—H24  125.8 
H17B—C17—H17C  109.5 C20—C24—H24  125.8 
C16—C18—H18A  109.5 Ti1—C24—H24  119.9 
C16—C18—H18B  109.5 C26—C25—C29 107.87 (17) 
H18A—C18—H18B  109.5 C26—C25—Ti1  74.26 (10) 
C16—C18—H18C 109.5 C29—C25—Ti1  72.47 (10) 
H18A—C18—H18C  109.5 C26—C25—H25 126.1 
H18B—C18—H18C 109.5 C29—C25—H25  126.1 
C16—C19—H19A  109.5 Ti1—C25—H25  119.1 
C16—C19—H19B  109.5 C25—C26—C27 108.03 (17) 
H19A—C19—H19B 109.5 C25—C26—Ti1  72.50 (10) 
C16—C19—H19C  109.5 C27—C26—Ti1  71.12 (10) 
H19A—C19—H19C  109.5 C25—C26—H26 126 
H19B—C19—H19C 109.5 C27—C26—H26 126 
C24—C20—C21  107.76 (15) Ti1—C26—H26  122.1 
C26—C27—C28  107.87 (17) C29—C28—H28 126 
C26—C27—Ti1  75.33 (10) C27—C28—H28 126 
C28—C27—Ti1  73.43 (10) Ti1—C28—H28  119.9 
C26—C27—H27 126.1 C28—C29—C25  108.22 (16) 
C28—C27—H27  126.1 C28—C29—Ti1  73.13 (10) 
Ti1—C27—H27  117.2 C25—C29—Ti1  73.73 (10) 
C29—C28—C27  107.90 (17) C28—C29—H29 125.9 
C29—C28—Ti1  73.37 (10) C25—C29—H29  125.9 











Figure A.2 ORTEP plot of the Oxatitanacyclic Compound 2.30a 
 
A.2.1 Crystal Data 
C30H46O2SiTi 
Mr = 514.66 
Monoclinic 
P21/c 
a = 16.655 (6) Å 
b = 7.946 (3) Å 
c = 21.653 (11) Å 
β = 102.02 (2)° 
V = 2803 (2) Å3 
Z = 4 
Dx = 1.220 Mg m–3 
Mo Kα radiation 
λ = 0.71073 Å 
Cell parameters from 5816 reflections 
θ = 2.5−27.1° 
µ = 0.372 mm-1 
T = 105 K 
Lath  
Red-brown 
0.20 × 0.05 × 0.01 mm 
Crystal source: local laboratory 
Dm not measured  
 
A.2.2 Data collection 
KappaCCD (with Oxford Cryostream)  
   diffractometer 
ω scans with κ offsets 
Absorption correction: 
   multi-scan HKL Scalepack (Otwinowski  
   & Minor 1997) 
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   Tmin = 0.965, Tmax = 0.996 
20986 measured reflections 
6100 independent reflections 
 
2983 reections with  
    I > 2σ(I) 
Rint = 0.124 
θmax = 27.1° 
h = – 21 → 21 
k = –10 → 9 
l = –27 → 27 






Refinement on F2 
R[F2 > 2σ(F2)] = 0.067 
wR(F2) = 0.137 
S = 1.000 
6100 reflections 
316 parameters 
H-atom parameters constrained 
w=1/[ σ2(Fo2) + (0.0385P)2 + 0.1424P] 
     where P = (Fo + 2(Fo2)/3 
(∆/σ)max = 0.000 
∆ρmax = 0.44 e Å –3 
∆ρmin = –0.38 e Å –3 
Extinction correction: SHELXL 
Extinction coefficient: 0.0014 (3) 
Scattering factors from International  





Table A.2.1 Fractional atomic coordinates and equivalent isotropic displacement  
                       Parameters (Å2) for the Oxatitanacyclic Compound 2.30a 
 
Ueq = (1/ 3) Σ iΣjUijaiajai.aj. 
 
           x                     y                  z                Ueq 
 
Ti1  0.43042 (4)  0.33512 (8)  0.36995 (3)  0.0190 (2) 
Si1 0.11741 (7)  0.34429 (13)  0.11753 (5)  0.0238 (3) 
O1  0.35969 (16) 0.4516 (3)  0.41100 (12)  0.0201 (6) 
O2  0.15313 (16) 0.2847 (3)  0.19075 (12)  0.0206 (6) 
C1  0.3095 (2)  0.2891 (4)  0.30329 (18)  0.0184 (9) 
H1  0.3191 0.2924 0.2592 0.022 
C2  0.2582 (2)  0.4481 (4)  0.31291 (17) 0.0192 (9) 
H2  0.2523 0.524 0.2754 0.023 
C3  0.2948 (2)  0.5477 (4) 0.37464 (17)  0.0186 (9) 
H3  0.3157 0.6598 0.364 0.022 
C4  0.2235 (2)  0.5709 (4)  0.40944 (17)  0.0208 (9) 
C5  0.1723 (2)  0.4118 (4)  0.39054 (17)  0.0223 (9) 
H5A 0.1974 0.314 0.4157 0.027 
H5B  0.1157 0.4271 0.3971 0.027 
C6  0.1720 (2) 0.3861 (4) 0.32070 (18)  0.0210 (9) 
H6  0.1277 0.4548 0.294 0.025 
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C7  0.1652 (2)  0.2021 (4)  0.29967 (17)  0.0185 (9) 
H7  0.1364 0.1379 0.3283 0.022 
C8  0.1238 (2)  0.1627 (4)  0.23133 (18) 0.0222 (9) 
C9  0.1601 (3) −0.0100 (4)  0.2212 (2)  0.0263 (10) 
H9A  0.1558 −0.0324  0.1756 0.032 
H9B 0.1312 −0.1005 0.2392 0.032 
C10  0.2509 (2) 0.0006 (4) 0.25590 (19) 0.0259 (10) 
H10A  0.2861 0.0346 0.2264 0.031 
H10B  0.2702 −0.1097 0.2746 0.031 
C11  0.2540 (2) 0.1352 (4)  0.30851 (19) 0.0225 (9) 
H11  0.2711 0.0817 0.351 0.027 
C12  0.1749 (2)  0.7289 (4)  0.38282 (19) 0.0252 (10) 
H12A  0.1581 0.7191 0.3368 0.038 
H12B  0.2097 0.8286 0.3935 0.038 
H12C  0.1262 0.7394 0.4012 0.038 
C13 0.2537 (3) 0.5901 (5) 0.48065 (18)  0.0282 (10) 
H13A  0.2065 0.5995 0.5009 0.042 
H13B  0.2876 0.6916 0.4894 0.042 
H13C  0.2865 0.4915 0.4973 0.042 
C14  0.0370 (3) 0.5095 (5) 0.1141 (2)  0.0339 (11) 
H14A −0.0118 0.4599 0.1254 0.051 
H14B 0.0226 0.5556 0.0712 0.051 
H14C 0.0581 0.5999 0.1438 0.051 
C15 0.0740 (3) 0.1665 (5) 0.0640 (2) 0.0345 (11) 
H15A 0.1173 0.0838 0.0626 0.052 
H15B 0.0527 0.2101 0.0214 0.052 
H15C 0.0295 0.1127 0.0800 0.052 
C16 0.2090 (3) 0.4349 (5) 0.09049 (18) 0.0259 (10) 
C17 0.2380 (3) 0.5972 (5) 0.1264 (2) 0.0357 (11) 
H17A 0.2860 0.6414 0.1122 0.054 
H17B 0.2528 0.5734 0.1718 0.054 
H17C 0.1937 0.6807 0.1183 0.054 
C18 0.1853 (3) 0.4766 (5) 0.01991 (19) 0.0378 (12) 
H18A 0.1396 0.5567 0.0125 0.057 
H18B 0.1686 0.3733 −0.0041 0.057 
H18C 0.2325 0.5263 0.0062 0.057 
C19 0.2802 (3) 0.3072 (5) 0.1017 (2) 0.0373 (11) 
H19A 0.2612 0.2003 0.0813 0.056 
H19B 0.2993 0.2891 0.1472 0.056 
H19C 0.3255 0.3511 0.0839 0.056 
C20 0.4248 (3) 0.0389 (4) 0.38532 (19) 0.0272 (10) 
H20 0.3895 −0.0266 0.3543 0.033 
C21 0.5066 (3) 0.0763 (4) 0.38623 (19) 0.0278 (10) 
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H21 0.5372 0.0390 0.3564 0.033 
C22 0.5360 (3) 0.1786 (5) 0.4388 (2) 0.0303 (10) 
H22 0.5897 0.2240 0.4506 0.036 
C23 0.4722 (3) 0.2019 (5) 0.47091 (19) 0.0295 (10) 
H23 0.4753 0.2659 0.5084 0.035 
C24 0.4032 (3) 0.1152 (4) 0.43862 (19) 0.0288 (10) 
H24 0.3514 0.1087 0.4503 0.035 
C25 0.4754 (3) 0.4057 (5) 0.2736 (2) 0.0290 (10) 
H25 0.4592 0.3353 0.2377 0.035 
C26 0.5462 (3) 0.3891 (4) 0.3197 (2) 0.0256 (10) 
H26 0.5880 0.3077 0.3199 0.031 
C27 0.5459 (3) 0.5130 (4) 0.3665 (2) 0.0283 (10) 
H27 0.5860 0.5270 0.4044 0.034 
C28 0.4751 (3) 0.6116 (4) 0.3464 (2) 0.0272 (10) 
H28 0.4596 0.7067 0.3678 0.033 
C29 0.4315 (3) 0.5451 (4) 0.28920 (19) 0.0252 (10) 
H29 0.3812 0.5869 0.2652 0.030 
C30 0.0313 (2) 0.1646 (5) 0.22083 (18) 0.0253 (9) 
H30A 0.0127 0.2775 0.2296 0.038 
H30B 0.0134 0.0832 0.2491 0.038 
H30C 0.0077 0.1346 0.1769 0.038 
 
 
Table A.2.2 Anisotropic displacement parameters (Å2) for the Oxatitanacyclic  
                        Compound 2.30a 
 
    U11        U22         U33          U12            U13               U23 
Ti1 0.0200 (4) 0.0157 (3) 0.0210 (4) 0.0013 (3) 0.0034 (3) −0.0001 (3) 
Si1 0.0247 (7) 0.0242 (6) 0.0216 (7) −0.0022 (5) 0.0029 (5) −0.0009 (5) 
O1 0.0203 (16) 0.0184 (12) 0.0212 (15) 0.0037 (11) 0.0036 (13) −0.0012 (11) 
O2  0.0201 (16) 0.0206 (13) 0.0211 (15) −0.0022 (11) 0.0041 (12) 0.0020 (10) 
C1  0.020 (2) 0.0152 (18) 0.021 (2) −0.0025 (15) 0.0061 (18) 0.0027 (14) 
C2  0.022 (2) 0.0174 (18) 0.019 (2) 0.0018 (16) 0.0045 (19) 0.0030 (15) 
C3  0.018 (2) 0.0156 (18) 0.021 (2) 0.0001 (16) 0.0018 (18) −0.0020 (15) 
C4  0.024 (3) 0.0219 (19) 0.016 (2) 0.0004 (17) 0.0021 (18) 0.0022 (16) 
C5  0.020 (2) 0.025 (2) 0.022 (2) 0.0011 (17) 0.0047 (19) 0.0001 (16) 
C6  0.019 (2) 0.0192 (18) 0.025 (2) 0.0039 (15) 0.0051 (19) 0.0017 (15) 
C7  0.016 (2) 0.0192 (19) 0.019 (2) −0.0011 (15) 0.0010 (18) 0.0070 (15) 
C8  0.022 (2) 0.0166 (18) 0.028 (2) −0.0012 (17) 0.0072 (19) −0.0002 (17) 
C9  0.032 (3) 0.0190 (19) 0.027 (2) −0.0041 (17) 0.006 (2) −0.0012 (16) 
C10  0.026 (3) 0.0162 (19) 0.035 (3) −0.0015 (16) 0.004 (2) −0.0025 (16) 
C11 0.024 (2) 0.0163 (19) 0.027 (2) −0.0014 (16) 0.0027 (19) 0.0024 (15) 
C12  0.025 (3) 0.0226 (19) 0.027 (2) 0.0069 (17) 0.005 (2) −0.0006 (17) 
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C13 0.029 (3) 0.034 (2) 0.022 (2) 0.0010 (19) 0.007 (2) 0.0012 (18) 
C14 0.030 (3) 0.039 (2) 0.030 (3) 0.006 (2) 0.003 (2) 0.0105 (19) 
C15  0.038 (3) 0.036 (2) 0.029 (3) −0.007 (2) 0.005 (2) −0.0034 (19) 
C16 0.025 (3) 0.032 (2) 0.021 (2) −0.0013 (18) 0.004 (2) −0.0014 (18) 
C17  0.042 (3) 0.037 (2) 0.028 (3) −0.014 (2) 0.007 (2) −0.0018 (19) 
C18 0.050 (3) 0.036 (2) 0.029 (3) −0.006 (2) 0.013 (2) 0.0016 (19) 
C19  0.030 (3) 0.045 (3) 0.040 (3) 0.002 (2) 0.014 (2) 0.004 (2) 
C20  0.030 (3) 0.0169 (18) 0.028 (3) −0.0005 (18) −0.009 (2) 0.0081 (16) 
C21  0.031 (3) 0.020 (2) 0.030 (3) 0.0077 (18) 0.002 (2) 0.0024 (17) 
C22 0.020 (2) 0.026 (2) 0.040 (3) 0.0041 (19) −0.007 (2) 0.0033 (19) 
C23  0.036 (3) 0.025 (2) 0.022 (2) 0.0051 (19) −0.007 (2) 0.0031 (17) 
C24  0.033 (3) 0.025 (2) 0.029 (3) 0.0063 (18) 0.008 (2) 0.0156 (18) 
C25  0.034 (3) 0.028 (2) 0.027 (2) −0.0045 (19) 0.011 (2) −0.0022 (18) 
C26  0.020 (3) 0.022 (2) 0.038 (3) −0.0005 (16) 0.013 (2) −0.0004 (17) 
C27  0.023 (3) 0.026 (2) 0.034 (3) −0.0064 (18) 0.001 (2) 0.0011 (18) 
C28  0.031 (3) 0.020 (2) 0.035 (3) −0.0064 (18) 0.015 (2) 0.0013 (17) 
C29  0.020 (2) 0.025 (2) 0.030 (3) 0.0014 (18) 0.005 (2) 0.0113 (18) 
C30 0.025 (2) 0.0256 (19) 0.025 (2) −0.0059 (18) 0.0034 (19) 0.0017 (17) 
 
 
Table A.2.3 Selected geometric parameters (Å2) the Oxatitanacyclic Compound 2.30a 
 
Ti1—C20 2.382 (4) C9—H9B 0.9900 
Ti1—C23 2.398 (4) C10—C11 1.556 (5) 
Ti1—C24 2.398 (4) C10—H10A 0.9900 
Ti1—C27 2.401 (4) C10—H10B 0.9900 
Ti1—C22 2.402 (4) C11—H11 1.0000 
Ti1—C21 2.404 (4) C12—H12A 0.9800 
Ti1—C28 2.408 (4) C12—H12B 0.9800 
Ti1—C29 2.420 (4) C12—H12C 0.9800 
Ti1—C25 2.425 (4) C13—H13A 0.9800 
Ti1—C26 2.440 (4) C13—H13B 0.9800 
Si1—O2 1.643 (3) C13—H13C 0.9800 
Si1—C14 1.865 (4) C14—H14A 0.9800 
Si1—C15 1.874 (4) C14—H14B 0.9800 
Si1—C16 1.887 (4) C14—H14C 0.9800 
O1—C3 1.420 (4) C15—H15A 0.9800 
O2—C8 1.459 (4) C15—H15B 0.9800 
C1—C11 1.551 (5) C15—H15C 0.9800 
C1—C2 1.563 (5) C16—C17 1.531 (5) 
C1—H1 1.0000 C16—C18 1.533 (5) 
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C2—C6 1.558 (5) C16—C19 1.541 (5) 
C2—C3 1.564 (5) C17—H17A 0.9800 
C2—H2 1.0000 C17—H17B 0.9800 
C3—C4 1.544 (5) C17—H17C 0.9800 
C3—H3 1.0000 C18—H18A 0.9800 
C4—C13 1.527 (5) C18—H18B 0.9800 
C4—C5 1.532 (5) C18—H18C 0.9800 
C4—C12 1.539 (5) C19—H19A 0.9800 
C5—C6 1.525 (5) C19—H19B 0.9800 
C5—H5A 0.9900 C19—H19C 0.9800 
C5—H5B 0.9900 C20—C21 1.390 (6) 
C6—C7 1.528 (5) C20—C24 1.415 (6) 
C6—H6 1.0000 C20—H20 0.9500 
C7—C8 1.529 (5) C21—C22 1.402 (5) 
C7—C11 1.545 (5) C21—H21 0.9500 
C7—H7 1.0000 C22—C23 1.397 (6) 
C8—C30 1.510 (5) C22—H22 0.9500 
C8—C9 1.534 (5) C23—C24 1.396 (6) 
C9—C10 1.545 (6) C23—H23 0.9500 
C9—H9A 0.9900 C24—H24 0.9500 
C25—C26 1.384 (6) C28—C29 1.402 (6) 
C25—C29 1.406 (5) C28—H28 0.9500 
C25—H25 0.9500 C29—H29 0.9500 
C26—C27 1.413 (5) C30—H30A 0.9800 
C26—H26 0.9500 C30—H30B 0.9800 
C27—C28 1.408 (6) C30—H30C 0.9800 
C27—H27 0.9500 C24—Ti1—C28 154.53 (15) 
O1—Ti1—C1 79.41 (13) C27—Ti1—C28 34.04 (13) 
O1—Ti1—C20 112.16 (13) C22—Ti1—C28 112.67 (14) 
C1—Ti1—C20 82.71 (13) C21—Ti1—C28 129.41 (15) 
O1—Ti1—C23 82.91 (13) O1—Ti1—C29 95.91 (13) 
C1—Ti1—C23 124.33 (14) C1—Ti1—C29 77.83 (13) 
C20—Ti1—C23 56.54 (14) C20—Ti1—C29 142.08 (14) 
O1—Ti1—C24 81.16 (13) C23—Ti1—C29 156.75 (14) 
C1—Ti1—C24 91.14 (14) C24—Ti1—C29 168.94 (15) 
C20—Ti1—C24 34.43 (13) C27—Ti1—C29 56.28 (14) 
C23—Ti1—C24 33.84 (14) C22—Ti1—C29 133.71 (15) 
O1—Ti1—C27 108.23 (13) C21—Ti1—C29 127.80 (14) 
C1—Ti1—C27 133.78 (14) C28—Ti1—C29 33.76 (13) 
   (table cont.) 
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C20—Ti1—C27 129.87 (15) O1—Ti1—C25 129.42 (12) 
C23—Ti1—C27 101.89 (15) C1—Ti1—C25 83.18 (15) 
C24—Ti1—C27 134.77 (15) C20—Ti1—C25 112.14 (14) 
O1—Ti1—C22 114.50 (14) C23—Ti1—C25 143.48 (16) 
C1—Ti1—C22 139.09 (13) C24—Ti1—C25 146.53 (13) 
C20—Ti1—C22 56.38 (14) C27—Ti1—C25 56.23 (15) 
C23—Ti1—C22 33.85 (14) C22—Ti1—C25 109.68 (15) 
C24—Ti1—C22 56.35 (15) C21—Ti1—C25 94.36 (14) 
C27—Ti1—C22 80.59 (14) C28—Ti1—C25 56.10 (13) 
O1—Ti1—C21 136.21 (13) C29—Ti1—C25 33.75 (13) 
C1—Ti1—C21 109.24 (13) O1—Ti1—C26 139.64 (12) 
C20—Ti1—C21 33.76 (14) C1—Ti1—C26 115.31 (15) 
C23—Ti1—C21 56.25 (14) C20—Ti1—C26 107.07 (14) 
C24—Ti1—C21 56.46 (14) C23—Ti1—C26 112.19 (15) 
C27—Ti1—C21 96.12 (14) C24—Ti1—C26 132.30 (14) 
C22—Ti1—C21 33.92 (13) C27—Ti1—C26 33.93 (13) 
O1—Ti1—C28 84.37 (13) C22—Ti1—C26 79.85 (15) 
C1—Ti1—C28 106.69 (13) C21—Ti1—C26 76.94 (14) 
C20—Ti1—C28 162.56 (15) C28—Ti1—C26 55.78 (13) 
C23—Ti1—C28 123.51 (14)   
C29—Ti1—C26 55.34 (14) H5A—C5—H5B 108.8 
C25—Ti1—C26 33.05 (13) C5—C6—C7 114.1 (3) 
O2—Si1—C14 110.75 (17) C5—C6—C2 104.6 (3) 
O2—Si1—C15 113.27 (16) C7—C6—C2 106.4 (3) 
C14—Si1—C15 109.0 (2) C5—C6—H6 110.5 
O2—Si1—C16 104.82 (16) C7—C6—H6 110.5 
C14—Si1—C16 109.81 (18) C2—C6—H6 110.5 
C15—Si1—C16 109.14 (19) C6—C7—C8 118.4 (3) 
C3—O1—Ti1 119.1 (2) C6—C7—C11 106.4 (3) 
C8—O2—Si1 132.3 (2) C8—C7—C11 106.0 (3) 
C11—C1—C2 106.1 (3) C6—C7—H7 108.6 
C11—C1—Ti1 123.3 (2) C8—C7—H7 108.6 
C2—C1—Ti1 103.0 (2) C11—C7—H7 108.6 
C11—C1—H1 107.9 O2—C8—C30 111.2 (3) 
C2—C1—H1 107.9 O2—C8—C7 107.9 (3) 
Ti1—C1—H1 107.9 C30—C8—C7 112.6 (3) 
C6—C2—C1 107.4 (3) O2—C8—C9 108.5 (3) 
C6—C2—C3 105.8 (3) C30—C8—C9 114.1 (3) 
C1—C2—C3 113.3 (3) C7—C8—C9 102.1 (3) 
   (table cont.) 
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C6—C2—H2 110.1 C8—C9—C10 104.9 (3) 
C1—C2—H2 110.1 C8—C9—H9A 110.8 
C3—C2—H2 110.1 C10—C9—H9A 110.8 
O1—C3—C4 111.5 (3) C8—C9—H9B 110.8 
O1—C3—C2 108.5 (3) C10—C9—H9B 110.8 
C4—C3—C2 105.9 (3) H9A—C9—H9B 108.8 
O1—C3—H3 110.2 C9—C10—C11 105.9 (3) 
C4—C3—H3 110.2 C9—C10—H10A 110.6 
C2—C3—H3 110.2 C11—C10—H10A 110.6 
C13—C4—C5 113.6 (3) C9—C10—H10B 110.6 
C13—C4—C12 109.5 (3) C11—C10—H10B 110.6 
C5—C4—C12 110.7 (3) H10A—C10—H10B 108.7 
C13—C4—C3 112.3 (3) C7—C11—C1 106.8 (3) 
C5—C4—C3 102.3 (3) C7—C11—C10 105.1 (3) 
C12—C4—C3 108.2 (3) C1—C11—C10 114.7 (3) 
C6—C5—C4 105.2 (3) C7—C11—H11 110.0 
C6—C5—H5A 110.7 C1—C11—H11 110.0 
C4—C5—H5A 110.7 C10—C11—H11 110.0 
C6—C5—H5B 110.7 C4—C12—H12A 109.5 
C4—C5—H5B 110.7 C4—C12—H12B 109.5 
H12A—C12—H12B 109.5 H18B—C18—H18C 109.5 
C4—C12—H12C 109.5 C16—C19—H19A 109.5 
H12A—C12—H12C 109.5 C16—C19—H19B 109.5 
H12B—C12—H12C 109.5 H19A—C19—H19B 109.5 
C4—C13—H13A 109.5 C16—C19—H19C 109.5 
C4—C13—H13B 109.5 H19A—C19—H19C 109.5 
H13A—C13—H13B 109.5 H19B—C19—H19C 109.5 
C4—C13—H13C 109.5 C21—C20—C24 108.1 (4) 
H13A—C13—H13C 109.5 C21—C20—Ti1 74.0 (2) 
H13B—C13—H13C 109.5 C24—C20—Ti1 73.4 (2) 
Si1—C14—H14A 109.5 C21—C20—H20 125.9 
Si1—C14—H14B 109.5 C24—C20—H20 125.9 
H14A—C14—H14B 109.5 Ti1—C20—H20 118.6 
Si1—C14—H14C 109.5 C20—C21—C22 108.1 (4) 
H14A—C14—H14C 109.5 C20—C21—Ti1 72.3 (2) 
H14B—C14—H14C 109.5 C22—C21—Ti1 73.0 (2) 
Si1—C15—H15A 109.5 C20—C21—H21 125.9 
Si1—C15—H15B 109.5 C22—C21—H21 125.9 
H15A—C15—H15B 109.5 Ti1—C21—H21 120.6 
   (table cont.) 
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Si1—C15—H15C 109.5 C23—C22—C21 107.9 (4) 
H15A—C15—H15C 109.5 C23—C22—Ti1 72.9 (2) 
H15B—C15—H15C 109.5 C21—C22—Ti1 73.1 (2) 
C17—C16—C18 108.2 (3) C23—C22—H22 126.0 
C17—C16—C19 108.9 (4) C21—C22—H22 126.0 
C18—C16—C19 109.3 (3) Ti1—C22—H22 119.8 
C17—C16—Si1 110.7 (3) C24—C23—C22 108.5 (4) 
C18—C16—Si1 109.5 (3) C24—C23—Ti1 73.1 (2) 
C19—C16—Si1 110.2 (3) C22—C23—Ti1 73.2 (2) 
C16—C17—H17A 109.5 C24—C23—H23 125.8 
C16—C17—H17B 109.5 C22—C23—H23 125.8 
H17A—C17—H17B 109.5 Ti1—C23—H23 119.7 
C16—C17—H17C 109.5 C23—C24—C20 107.3 (4) 
H17A—C17—H17C 109.5 C23—C24—Ti1 73.1 (2) 
H17B—C17—H17C 109.5 C20—C24—Ti1 72.2 (2) 
C16—C18—H18A 109.5 C23—C24—H24 126.3 
C16—C18—H18B 109.5 C20—C24—H24 126.3 
H18A—C18—H18B 109.5 Ti1—C24—H24 120.3 
C16—C18—H18C 109.5 C26—C25—C29 108.0 (4) 
H18A—C18—H18C 109.5 C26—C25—Ti1 74.1 (2) 
C29—C25—Ti1 72.9 (2) C29—C28—Ti1 73.6 (2) 
C26—C25—H25 126.0 C27—C28—Ti1 72.7 (2) 
C29—C25—H25 126.0 C29—C28—H28 126.0 
Ti1—C25—H25 118.9 C27—C28—H28 126.0 
C25—C26—C27 108.8 (4) Ti1—C28—H28 119.6 
C25—C26—Ti1 72.9 (2) C28—C29—C25 108.1 (4) 
C27—C26—Ti1 71.5 (2) C28—C29—Ti1 72.7 (2) 
C25—C26—H26 125.6 C25—C29—Ti1 73.3 (2) 
C27—C26—H26 125.6 C28—C29—H29 126.0 
Ti1—C26—H26 121.7 C25—C29—H29 126.0 
C28—C27—C26 107.1 (4) Ti1—C29—H29 119.9 
C28—C27—Ti1 73.3 (2) C8—C30—H30A 109.5 
C26—C27—Ti1 74.6 (2) C8—C30—H30B 109.5 
C28—C27—H27 126.5 H30A—C30—H30B 109.5 
C26—C27—H27 126.5 C8—C30—H30C 109.5 











A.3 X-Ray Structure Report for Compound 2.3c 
 
 
Figure A.3 ORTEP plot of the Hydroxy Lactone 2.3c 
 
 
A.3.1 Crystal Data 
C15H22O3 
Mr = 250.33 
Triclinic 
P-1 
a = 6.977 (2) Å 
b = 10.297 (3) Å 
c = 10.374 (4) Å 
α = 104.228 (14)°  
β = 102.668 (15)° 
γ = 105.144 (17)° 
V = 664.6 (4) Å3 
Z = 2 
Dx = 1.251 Mg m–3 
Mo Kα radiation 
λ = 0.71073 Å 
Cell parameters from 3725 reflections 
θ = 2.5−30.0° 
µ = 0.085 mm-1 
T = 100 K 
Fragment  
Colorless 
0.35 × 0.15 × 0.12 mm 
Crystal source: local laboratory 
Dm not measured  
 
A.3.2 Data collection 
KappaCCD (with Oxford Cryostream)  
   diffractometer 
ω scans with κ offsets 
Absorption correction: none 
20537 measured reflections 
3866 independent reflections 
2983 reections with  
    I > 2σ(I) 
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Rint = 0.0273 
θmax = 30.0° 
h = – 9 → 9 
k = –14 → 14 
l = –14 → 14 






Refinement on F2 
R[F2 > 2σ(F2)] = 0.041 
wR(F2) = 0.110 
S = 1.033 
3866 reflections 
169 parameters 
H atoms treated by a mixture of independent  
    and constrained refinement 
 
w=1/[ σ 2(Fo2) + (0.0474P)2 + 0.1853P] 
     where P = (Fo2 + 2(Fo2)/3 
(∆/σ)max = 0.000 
∆ρmax = 0.33 e Å –3 
∆ρmin = –0.25 e Å –3 
Extinction correction: none 
Scattering factors from International  
  Tables for Crystallography (Vol. C) 
 
 
Table A.3.1 Fractional atomic coordinates and equivalent isotropic displacement  
           Parameters (Å2) for Compound 2.3c 
 
Ueq = (1/ 3) Σ iΣjUijaiajai.aj. 
 
                  x               y         z               Ueq 
 
  O1 0.91304 (12) 0.86256 (8) 0.37932 (8) 0.02101 (18) 
O2 0.21636 (12) 0.46043 (8) 0.33583 (8) 0.01979 (17) 
H2O 0.157 (2) 0.5267 (17) 0.3362 (15) 0.030 
O3 1.07101 (12) 0.70169 (9) 0.37740 (9) 0.02639 (19) 
C1 0.70920 (16) 0.64078 (11) 0.38115 (11) 0.0169 (2) 
H1 0.7246 0.6188 0.4708 0.020 
C2 0.56719 (16) 0.73181 (11) 0.36880 (10) 0.0161 (2) 
H2 0.4922 0.7373 0.4407 0.019 
C3 0.71055 (16) 0.87858 (11) 0.37888 (11) 0.0179 (2) 
H3 0.7219 0.9541 0.4647 0.022 
C4 0.61645 (17) 0.90892 (11) 0.24571 (11) 0.0191 (2) 
C5 0.52127 (17) 0.75802 (11) 0.13927 (11) 0.0178 (2) 
H5A 0.6308 0.7250 0.1098 0.021 
H5B 0.4174 0.7554 0.0557 0.021 
C6 0.41687 (16) 0.66527 (10) 0.21733 (10) 0.0155 (2) 
H6 0.2758 0.6721 0.2146 0.019 
C7 0.40557 (16) 0.50976 (10) 0.16991 (11) 0.0159 (2) 
H7 0.3920 0.4786 0.0682 0.019 
C8 0.23263 (16) 0.40296 (11) 0.19939 (11) 0.0170 (2) 
C9 0.32343 (17) 0.28445 (11) 0.20854 (12) 0.0206 (2) 
    (table cont.) 
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H9A 0.3100 0.2240 0.1144 0.025 
H9B 0.2522 0.2241 0.2565 0.025 
C10 0.55301 (18) 0.36316 (12) 0.29319 (13) 0.0230 (2) 
H10A 0.6403 0.3052 0.2677 0.028 
H10B 0.5713 0.3853 0.3945 0.028 
C11 0.61240 (16) 0.50146 (11) 0.25478 (11) 0.0173 (2) 
H11 0.7083 0.4967 0.1962 0.021 
C12 0.44540 (19) 0.97167 (12) 0.27035 (13) 0.0249 (2) 
H12A 0.5092 1.0663 0.3406 0.037 
H12B 0.3492 0.9096 0.3033 0.037 
H12C 0.3688 0.9792 0.1828 0.037 
C13 0.77547 (19) 1.01050 (12) 0.20415 (13) 0.0269 (3) 
H13A 0.8401 1.1016 0.2797 0.040 
H13B 0.7052 1.0255 0.1191 0.040 
H13C 0.8830 0.9695 0.1871 0.040 
C14 0.91526 (17) 0.73274 (11) 0.37949 (11) 0.0189 (2) 
C15 0.02111 (17) 0.35296 (12) 0.09037 (12) 0.0226 (2) 
H15A −0.0792 0.2828 0.1132 0.034 
H15B 0.0326 0.3096 −0.0017 0.034 
H15C −0.0266 0.4343 0.0892 0.034 
 
 
Table A.3.2 Anisotropic displacement parameters (Å2) for Compound 2.3c 
 
               U11         U22        U33          U12            U13               U23 
O1 0.0154 (4) 0.0168 (4) 0.0286 (4) 0.0043 (3) 0.0065 (3) 0.0048 (3) 
O2 0.0234 (4) 0.0213 (4) 0.0204 (4) 0.0108 (3) 0.0101 (3) 0.0099 (3) 
O3 0.0173 (4) 0.0251 (4) 0.0375 (5) 0.0092 (3) 0.0091 (3) 0.0083 (4) 
C1  0.0163 (5) 0.0173 (5) 0.0179 (4) 0.0062 (4) 0.0056 (4) 0.0062 (4) 
C2  0.0167 (5) 0.0148 (5) 0.0169 (4) 0.0058 (4) 0.0059 (4) 0.0040 (4) 
C3  0.0155 (5) 0.0157 (5) 0.0213 (5) 0.0055 (4) 0.0061 (4) 0.0030 (4) 
C4  0.0203 (5) 0.0136 (5) 0.0231 (5) 0.0052 (4) 0.0068 (4) 0.0059 (4) 
C5  0.0198 (5) 0.0152 (5) 0.0185 (5) 0.0052 (4) 0.0055 (4) 0.0066 (4) 
C6  0.0155 (5) 0.0143 (5) 0.0172 (4) 0.0053 (4) 0.0051 (4) 0.0055 (4) 
C7  0.0172 (5) 0.0137 (5) 0.0172 (4) 0.0051 (4) 0.0057 (4) 0.0054 (4) 
C8  0.0180 (5) 0.0149 (5) 0.0185 (5) 0.0046 (4) 0.0064 (4) 0.0063 (4) 
C9  0.0225 (5) 0.0154 (5) 0.0257 (5) 0.0066 (4) 0.0087 (4) 0.0083 (4) 
C10  0.0211 (5) 0.0173 (5) 0.0336 (6) 0.0085 (4) 0.0075 (5) 0.0117 (5) 
C11 0.0168 (5) 0.0153 (5) 0.0215 (5) 0.0069 (4) 0.0072 (4) 0.0060 (4) 
C12  0.0265 (6) 0.0179 (5) 0.0327 (6) 0.0113 (4) 0.0087 (5) 0.0082 (5) 
C13 0.0292 (6) 0.0180 (5) 0.0332 (6) 0.0031 (4) 0.0122 (5) 0.0102 (5) 
C14 0.0176 (5) 0.0184 (5) 0.0192 (5) 0.0060 (4) 0.0046 (4) 0.0040 (4) 
C15  0.0193 (5) 0.0196 (5) 0.0258 (5) 0.0022 (4) 0.0037 (4) 0.0092 (4) 
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Table A.3.3 Selected geometric parameters (Å2) for Compound 2.3c 
 
O1—C14 1.3413 (14) C7—C8 1.5469 (14) 
O1—C3 1.4637 (13) C7—C11 1.5522 (15) 
O2—C8 1.4354 (14) C7—H7 1.0000 
O2—H2O 0.887 (16) C8—C15 1.5188 (16) 
O3—C14 1.2133 (14) C8—C9 1.5277 (15) 
C1—C14 1.5071 (15) C9—C10 1.5325 (17) 
C1—C2 1.5380 (14) C9—H9A 0.9900 
C1—C11 1.5536 (16) C9—H9B 0.9900 
C1—H1 1.0000 C10—C11 1.5496 (15) 
C2—C3 1.5434 (15) C10—H10A 0.9900 
C2—C6 1.5527 (15) C10—H10B 0.9900 
C2—H2 1.0000 C11—H11 1.0000 
C3—C4 1.5359 (16) C12—H12A 0.9800 
C3—H3 1.0000 C12—H12B 0.9800 
C4—C13 1.5283 (15) C12—H12C 0.9800 
C4—C12 1.5370 (16) C13—H13A 0.9800 
C4—C5 1.5396 (16) C13—H13B 0.9800 
C5—C6 1.5408 (14) C13—H13C 0.9800 
C5—H5A 0.9900 C15—H15A 0.9800 
C5—H5B 0.9900 C15—H15B 0.9800 
C6—C7 1.5303 (14) C15—H15C 0.9800 
C6—H6 1.0000 O1—C3—H3 111.5 
C14—O1—C3 112.06 (8) C4—C3—H3 111.5 
C8—O2—H2O 109.9 (10) C2—C3—H3 111.5 
C14—C1—C2 104.27 (9) C13—C4—C3 113.74 (9) 
C14—C1—C11 112.37 (9) C13—C4—C12 109.70 (9) 
C2—C1—C11 108.56 (8) C3—C4—C12 107.64 (9) 
C14—C1—H1 110.5 C13—C4—C5 113.25 (9) 
C2—C1—H1 110.5 C3—C4—C5 101.23 (8) 
C11—C1—H1 110.5 C12—C4—C5 110.92 (9) 
C1—C2—C3 105.46 (8) C4—C5—C6 104.75 (9) 
C1—C2—C6 105.72 (8) C4—C5—H5A 110.8 
C3—C2—C6 106.63 (8) C6—C5—H5A 110.8 
C1—C2—H2 112.8 C4—C5—H5B 110.8 
C3—C2—H2 112.8 C6—C5—H5B 110.8 
C6—C2—H2 112.8 H5A—C5—H5B 108.9 
O1—C3—C4 109.67 (8) C7—C6—C5 115.16 (9) 
O1—C3—C2 105.90 (8) C7—C6—C2 106.09 (8) 
   (table cont.) 
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C4—C3—C2 106.47 (9)   
C5—C6—C2 103.13 (8) C10—C11—C7 106.24 (9) 
C7—C6—H6 110.7 C10—C11—C1 114.95 (9) 
C5—C6—H6 110.7 C7—C11—C1 105.69 (8) 
C2—C6—H6 110.7 C10—C11—H11 109.9 
C6—C7—C8 116.08 (9) C7—C11—H11 109.9 
C6—C7—C11 107.11 (8) C1—C11—H11 109.9 
C8—C7—C11 104.71 (8) C4—C12—H12A 109.5 
C6—C7—H7 109.6 C4—C12—H12B 109.5 
C8—C7—H7 109.6 H12A—C12—H12B 109.5 
C11—C7—H7 109.6 C4—C12—H12C 109.5 
O2—C8—C15 110.17 (9) H12A—C12—H12C 109.5 
O2—C8—C9 105.27 (8) H12B—C12—H12C 109.5 
C15—C8—C9 113.86 (9) C4—C13—H13A 109.5 
O2—C8—C7 110.93 (8) C4—C13—H13B 109.5 
C15—C8—C7 113.78 (9) H13A—C13—H13B 109.5 
C9—C8—C7 102.32 (8) C4—C13—H13C 109.5 
C8—C9—C10 104.21 (9) H13A—C13—H13C 109.5 
C8—C9—H9A 110.9 H13B—C13—H13C 109.5 
C10—C9—H9A 110.9 O3—C14—O1 120.16 (10) 
C8—C9—H9B 110.9 O3—C14—C1 128.00 (10) 
C10—C9—H9B 110.9 O1—C14—C1 111.84 (9) 
H9A—C9—H9B 108.9 C8—C15—H15A 109.5 
C9—C10—C11 105.05 (9) C8—C15—H15B 109.5 
C9—C10—H10A 110.7 H15A—C15—H15B 109.5 
C11—C10—H10A 110.7 C8—C15—H15C 109.5 
C9—C10—H10B 110.7 H15A—C15—H15C 109.5 
C11—C10—H10B 110.7 H15B—C15—H15C 109.5 









A.4 X-Ray Structure Report for the Silylated Lactone 2.36 
 
Figure A.4 ORTEP plot of the Silylated Lactone 2.36 
 
 
A.4.1 Crystal Data 
C24H44O3Si2 
Mr = 436.77 
Monoclinic 
P21/c 
a = 17.776 (3) Å 
b = 10.770 (2) Å 
c = 14.233 (2) Å 
β = 108.090 (9)° 
V = 2590.2 (7) Å3 
Z = 4 
Dx = 1.120 Mg m–3 
Mo Kα radiation 
λ = 0.71073 Å 
Cell parameters from 8614 reflections 
θ = 2.5−32.6° 
µ = 0.158 mm-1 
T = 100 K 
Fragment  
Colorless 
0.38 × 0.30 × 0.25 mm 
Crystal source: local laboratory 
Dm not measured  
 
A.4.2 Data collection 
KappaCCD (with Oxford Cryostream)  
   diffractometer 
ω scans with κ offsets 
Absorption correction:  
    multi-scan HKL Scalepack (Otwinowski  
   & Minor 1997) 
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   Tmin = 0.906, Tmax = 0.962 
46648 measured reflections 
9316 independent reflections 
7029 reections with  
    I > 2σ(I) 
Rint = 0.031 
θmax = 32.6° 
h = – 26 → 26 
k = –11 → 16 
l = –21 → 21 






Refinement on F2 
R[F2 > 2σ(F2)] = 0.044 
wR(F2) = 0.107 
S = 1.021 
9316 reflections 
273 parameters 
H atom parameters constrained 
w=1/[ σ 2(Fo2) + (0.0402P)2 + 1.0257P] 
     where P = (Fo2 + 2(Fo2)/3 
(∆/σ)max = 0.001 
∆ρmax = 0.44 e Å –3 
∆ρmin = –0.34 e Å –3 
Extinction correction: none 
Scattering factors from International  




Table A.4.1 Fractional atomic coordinates and equivalent isotropic displacement  
                        Parameters (Å2) the Silylated Lactone 2.36 
 
Ueq = (1/ 3) Σ iΣjUijaiajai.aj. 
 
         x                     y                  z                Ueq 
Si1 0.419961 (18) 0.88030 (3) 0.81169 (2) 0.01436 (7) 
Si2 0.18330 (2) 0.30289 (3) 0.86761 (3) 0.01815 (7) 
O1 0.31353 (5) 0.76180 (8) 0.57581 (6) 0.01716 (16) 
O2 0.23577 (5) 0.37264 (8) 0.80662 (6) 0.01907 (17) 
O3 0.43869 (5) 0.69679 (8) 0.63487 (6) 0.01898 (17) 
C1 0.36335 (6) 0.73431 (10) 0.74987 (8) 0.01315 (19) 
C2 0.27246 (6) 0.74102 (10) 0.71820 (8) 0.01392 (19) 
H2 0.2523 0.7930 0.7634 0.017 
C3 0.24698 (6) 0.78945 (11) 0.61155 (8) 0.0152 (2) 
H3 0.2347 0.8803 0.6082 0.018 
C4 0.17484 (7) 0.71202 (11) 0.55413 (8) 0.0173 (2) 
C5 0.19784 (7) 0.58241 (12) 0.60005 (9) 0.0202 (2) 
H5A 0.2321 0.5391 0.5675 0.024 
H5B 0.1499 0.5314 0.5923 0.024 
C6 0.24276 (6) 0.60356 (10) 0.71088 (8) 0.01484 (19) 
H6 0.2059 0.5926 0.7509 0.018 
C7 0.31666 (6) 0.52046 (10) 0.75275 (8) 0.01407 (19) 
H7 0.3284 0.4736 0.6982 0.017 
C8 0.31191 (6) 0.43108 (11) 0.83520 (8) 0.0157 (2) 
    (table cont.) 
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C9 0.32657 (7) 0.51795 (11) 0.92435 (8) 0.0181 (2) 
H9A 0.3444 0.4705 0.9870 0.022 
H9B 0.2778 0.5642 0.9218 0.022 
C10 0.39176 (7) 0.60709 (12) 0.91578 (8) 0.0188 (2) 
H10A 0.4445 0.5773 0.9565 0.023 
H10B 0.3832 0.6913 0.9384 0.023 
C11 0.38611 (6) 0.60905 (10) 0.80418 (8) 0.01458 (19) 
H11 0.4364 0.5773 0.7956 0.017 
C12 0.10236 (7) 0.76256 (13) 0.57803 (10) 0.0246 (3) 
H12A 0.0920 0.8479 0.5536 0.037 
H12B 0.1124 0.7615 0.6497 0.037 
H12C 0.0563 0.7106 0.5460 0.037 
C13 0.15995 (8) 0.71280 (13) 0.44244 (9) 0.0229 (2) 
H13A 0.1154 0.6579 0.4105 0.034 
H13B 0.2074 0.6836 0.4280 0.034 
H13C 0.1475 0.7975 0.4172 0.034 
C14 0.37841 (6) 0.72656 (10) 0.65107 (8) 0.01457 (19) 
C15 0.37517 (7) 0.33059 (12) 0.85218 (9) 0.0217 (2) 
H15A 0.3743 0.2791 0.9086 0.033 
H15B 0.4273 0.3695 0.8659 0.033 
H15C 0.3645 0.2786 0.7930 0.033 
C16 0.40677 (7) 1.00127 (12) 0.71375 (9) 0.0204 (2) 
H16A 0.4366 1.0759 0.7426 0.031 
H16B 0.3505 1.0220 0.6862 0.031 
H16C 0.4263 0.9694 0.6611 0.031 
C17 0.38045 (8) 0.94587 (12) 0.90796 (9) 0.0224 (2) 
H17A 0.4003 1.0307 0.9239 0.034 
H17B 0.3978 0.8943 0.9676 0.034 
H17C 0.3225 0.9471 0.8830 0.034 
C18 0.52640 (7) 0.83831 (13) 0.86490 (9) 0.0226 (2) 
H18A 0.5447 0.7990 0.8139 0.034 
H18B 0.5330 0.7804 0.9200 0.034 
H18C 0.5575 0.9135 0.8889 0.034 
C19 0.24450 (8) 0.22094 (13) 0.98114 (10) 0.0268 (3) 
H19A 0.2740 0.1534 0.9625 0.040 
H19B 0.2099 0.1867 1.0165 0.040 
H19C 0.2817 0.2797 1.0240 0.040 
C20 0.12037 (9) 0.41733 (14) 0.90722 (12) 0.0331 (3) 
H20A 0.1538 0.4687 0.9609 0.050 
H20B 0.0814 0.3730 0.9305 0.050 
H20C 0.0929 0.4704 0.8511 0.050 
C21 0.11983 (7) 0.19109 (13) 0.77401 (10) 0.0250 (3) 
C22 0.17174 (10) 0.09567 (16) 0.74406 (14) 0.0429 (4) 
    (table cont.) 
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H22A 0.1383 0.0403 0.6935 0.064 
H22B 0.2009 0.0469 0.8020 0.064 
H22C 0.2093 0.1386 0.7174 0.064 
C23 0.07242 (11) 0.26149 (18) 0.68109 (14) 0.0496 (5) 
H23A 0.1089 0.3048 0.6529 0.074 
H23B 0.0378 0.3221 0.6984 0.074 
H23C 0.0403 0.2027 0.6325 0.074 
C24 0.06285 (12) 0.12211 (19) 0.81788 (16) 0.0522 (5) 
H24A 0.0322 0.0613 0.7699 0.078 
H24B 0.0267 0.1818 0.8332 0.078 
H24C 0.0932 0.0792 0.8785 0.078 
 
 
Table A.4.2 Anisotropic displacement parameters (Å2) the Silylated Lactone 2.36 
 
    U11        U22         U33          U12            U13               U23 
Si1 0.01658 (14) 0.01352 (14) 0.01238 (13) −0.00148 (11) 0.00362 (10) −0.00107 (11)
Si2 0.01918 (15) 0.01358 (15) 0.02275 (15) −0.00031 (12) 0.00805 (12) 0.00176 (12) 
O1 0.0168 (4) 0.0226 (4) 0.0121 (3) −0.0001 (3) 0.0046 (3) 0.0010 (3) 
O2 0.0193 (4) 0.0172 (4) 0.0192 (4) −0.0047 (3) 0.0039 (3) 0.0027 (3) 
O3 0.0185 (4) 0.0231 (4) 0.0171 (4) −0.0001 (3) 0.0081 (3) −0.0017 (3) 
C1 0.0147 (4) 0.0132 (5) 0.0123 (4) −0.0007 (4) 0.0052 (4) −0.0006 (4) 
C2 0.0150 (5) 0.0132 (5) 0.0138 (4) 0.0005 (4) 0.0049 (4) −0.0002 (4) 
C3 0.0150 (5) 0.0151 (5) 0.0149 (4) 0.0004 (4) 0.0039 (4) 0.0003 (4) 
C4 0.0164 (5) 0.0163 (5) 0.0168 (5) −0.0005 (4) 0.0017 (4) 0.0006 (4) 
C5 0.0213 (5) 0.0153 (5) 0.0189 (5) −0.0028 (4) −0.0010 (4) 0.0004 (4) 
C6 0.0152 (5) 0.0135 (5) 0.0149 (4) −0.0007 (4) 0.0033 (4) 0.0011 (4) 
C7 0.0158 (5) 0.0137 (5) 0.0128 (4) 0.0000 (4) 0.0045 (4) −0.0003 (4) 
C8 0.0170 (5) 0.0141 (5) 0.0156 (5) −0.0007 (4) 0.0045 (4) 0.0012 (4) 
C9 0.0223 (5) 0.0185 (5) 0.0138 (5) −0.0033 (4) 0.0062 (4) −0.0001 (4) 
C10 0.0226 (5) 0.0191 (5) 0.0132 (4) −0.0034 (4) 0.0034 (4) 0.0020 (4) 
C11 0.0155 (5) 0.0143 (5) 0.0142 (4) −0.0005 (4) 0.0049 (4) 0.0001 (4) 
C12 0.0167 (5) 0.0290 (7) 0.0264 (6) 0.0011 (5) 0.0042 (5) 0.0032 (5) 
C13 0.0241 (6) 0.0239 (6) 0.0164 (5) −0.0009 (5) 0.0002 (4) 0.0008 (5) 
C14 0.0173 (5) 0.0129 (5) 0.0135 (4) −0.0022 (4) 0.0046 (4) −0.0006 (4) 
C15 0.0228 (6) 0.0170 (5) 0.0252 (6) 0.0032 (5) 0.0072 (5) 0.0041 (5) 
C16 0.0253 (6) 0.0173 (5) 0.0176 (5) −0.0046 (5) 0.0051 (4) 0.0011 (4) 
C17 0.0315 (6) 0.0186 (6) 0.0186 (5) 0.0009 (5) 0.0103 (5) −0.0030 (5) 
C18 0.0180 (5) 0.0240 (6) 0.0225 (5) −0.0026 (5) 0.0016 (4) −0.0038 (5) 
C19 0.0310 (7) 0.0240 (6) 0.0256 (6) −0.0017 (5) 0.0093 (5) 0.0080 (5) 
C20 0.0331 (7) 0.0258 (7) 0.0464 (8) 0.0040 (6) 0.0208 (6) −0.0028 (6) 
C21 0.0200 (5) 0.0204 (6) 0.0326 (7) −0.0037 (5) 0.0053 (5) −0.0017 (5) 
C22 0.0360 (8) 0.0339 (9) 0.0549 (10) −0.0009 (7) 0.0084 (7) −0.0221 (8) 
      (table cont.) 
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C23 0.0433 (9) 0.0395 (10) 0.0459 (10) −0.0022 (8) −0.0152 (8) −0.0012 (8) 
C24 0.0468 (10) 0.0478 (11) 0.0686 (12) −0.0280 (9) 0.0272 (9) −0.0126 (10) 
 
 
Table A.4.3 Selected geometric parameters (Å2) the Silylated Lactone 2.36 
 
Si1—C17 1.8620 (12) C10—H10B 0.9900 
Si1—C18 1.8623 (13) C11—H11 1.0000 
Si1—C16 1.8689 (12) C12—H12A 0.9800 
Si1—C1 1.9259 (12) C12—H12B 0.9800 
Si2—O2 1.6403 (9) C12—H12C 0.9800 
Si2—C20 1.8655 (14) C13—H13A 0.9800 
Si2—C19 1.8660 (14) C13—H13B 0.9800 
Si2—C21 1.8879 (14) C13—H13C 0.9800 
O1—C14 1.3618 (13) C15—H15A 0.9800 
O1—C3 1.4562 (13) C15—H15B 0.9800 
O2—C8 1.4323 (14) C15—H15C 0.9800 
O3—C14 1.2072 (13) C16—H16A 0.9800 
C1—C14 1.5133 (14) C16—H16B 0.9800 
C1—C2 1.5384 (15) C16—H16C 0.9800 
C1—C11 1.5450 (16) C17—H17A 0.9800 
C2—C3 1.5345 (15) C17—H17B 0.9800 
C2—C6 1.5643 (16) C17—H17C 0.9800 
C2—H2 1.0000 C18—H18A 0.9800 
C3—C4 1.5352 (16) C18—H18B 0.9800 
C3—H3 1.0000 C18—H18C 0.9800 
C4—C13 1.5283 (16) C19—H19A 0.9800 
C4—C12 1.5311 (17) C19—H19B 0.9800 
C4—C5 1.5417 (17) C19—H19C 0.9800 
C5—C6 1.5479 (16) C20—H20A 0.9800 
C5—H5A 0.9900 C20—H20B 0.9800 
C5—H5B 0.9900 C20—H20C 0.9800 
C6—C7 1.5477 (16) C21—C22 1.528 (2) 
C6—H6 1.0000 C21—C23 1.530 (2) 
C7—C8 1.5402 (15) C21—C24 1.536 (2) 
C7—C11 1.5520 (16) C22—H22A 0.9800 
C7—H7 1.0000 C22—H22B 0.9800 
C8—C15 1.5249 (17) C22—H22C 0.9800 
C8—C9 1.5324 (16) C23—H23A 0.9800 
C9—C10 1.5387 (16) C23—H23B 0.9800 
   (table cont.) 
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C9—H9A 0.9900 C23—H23C 0.9800 
C9—H9B 0.9900 C24—H24A 0.9800 
C10—C11 1.5603 (15) C24—H24B 0.9800 
C10—H10A 0.9900 C24—H24C 0.9800 
C17—Si1—C18 111.13 (6) C17—Si1—C16 107.21 (6) 
C18—Si1—C16 110.42 (6) C4—C5—H5B 110.4 
C17—Si1—C1 112.51 (5) C6—C5—H5B 110.4 
C18—Si1—C1 107.95 (6) H5A—C5—H5B 108.6 
C16—Si1—C1 107.56 (5) C7—C6—C5 114.51 (9) 
O2—Si2—C20 110.51 (6) C7—C6—C2 107.04 (9) 
O2—Si2—C19 113.61 (5) C5—C6—C2 105.29 (9) 
C20—Si2—C19 107.09 (7) C7—C6—H6 109.9 
O2—Si2—C21 103.42 (5) C5—C6—H6 109.9 
C20—Si2—C21 110.58 (7) C2—C6—H6 109.9 
C19—Si2—C21 111.67 (7) C8—C7—C6 114.46 (9) 
C14—O1—C3 111.33 (8) C8—C7—C11 104.40 (8) 
C8—O2—Si2 133.90 (7) C6—C7—C11 106.37 (9) 
C14—C1—C2 101.72 (8) C8—C7—H7 110.4 
C14—C1—C11 108.80 (9) C6—C7—H7 110.4 
C2—C1—C11 105.99 (9) C11—C7—H7 110.4 
C14—C1—Si1 104.57 (7) O2—C8—C15 108.57 (10) 
C2—C1—Si1 116.60 (8) O2—C8—C9 113.96 (9) 
C11—C1—Si1 117.77 (7) C15—C8—C9 112.00 (10) 
C3—C2—C1 105.44 (8) O2—C8—C7 109.19 (9) 
C3—C2—C6 105.42 (9) C15—C8—C7 110.62 (9) 
C1—C2—C6 106.09 (9) C9—C8—C7 102.35 (9) 
C3—C2—H2 113.1 C8—C9—C10 104.71 (9) 
C1—C2—H2 113.1 C8—C9—H9A 110.8 
C6—C2—H2 113.1 C10—C9—H9A 110.8 
O1—C3—C2 104.70 (8) C8—C9—H9B 110.8 
O1—C3—C4 109.75 (9) C10—C9—H9B 110.8 
C2—C3—C4 106.45 (9) H9A—C9—H9B 108.9 
O1—C3—H3 111.9 C9—C10—C11 106.09 (9) 
C2—C3—H3 111.9 C9—C10—H10A 110.5 
C4—C3—H3 111.9 C11—C10—H10A 110.5 
C13—C4—C12 110.07 (10) C9—C10—H10B 110.5 
C13—C4—C3 113.39 (10) C11—C10—H10B 110.5 
C12—C4—C3 108.06 (10) H10A—C10—H10B 108.7 
C13—C4—C5 112.55 (10) C1—C11—C7 104.74 (9) 
   (table cont.) 
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C12—C4—C5 111.00 (10) C1—C11—C10 116.44 (9) 
C3—C4—C5 101.44 (9) C7—C11—C10 105.20 (8) 
C4—C5—C6 106.49 (9) C1—C11—H11 110.0 
C4—C5—H5A 110.4 C7—C11—H11 110.0 
C6—C5—H5A 110.4 C10—C11—H11 110.0 
C4—C12—H12A 109.5 H18B—C18—H18C 109.5 
C4—C12—H12B 109.5 Si2—C19—H19A 109.5 
H12A—C12—H12B 109.5 Si2—C19—H19B 109.5 
C4—C12—H12C 109.5 H19A—C19—H19B 109.5 
H12A—C12—H12C 109.5 Si2—C19—H19C 109.5 
H12B—C12—H12C 109.5 H19A—C19—H19C 109.5 
C4—C13—H13A 109.5 H19B—C19—H19C 109.5 
C4—C13—H13B 109.5 Si2—C20—H20A 109.5 
H13A—C13—H13B 109.5 Si2—C20—H20B 109.5 
C4—C13—H13C 109.5 H20A—C20—H20B 109.5 
H13A—C13—H13C 109.5 Si2—C20—H20C 109.5 
H13B—C13—H13C 109.5 H20A—C20—H20C 109.5 
O3—C14—O1 120.59 (10) H20B—C20—H20C 109.5 
O3—C14—C1 128.01 (10) C22—C21—C23 108.08 (14) 
O1—C14—C1 111.38 (9) C22—C21—C24 108.65 (14) 
C8—C15—H15A 109.5 C23—C21—C24 109.58 (14) 
C8—C15—H15B 109.5 C22—C21—Si2 110.22 (9) 
H15A—C15—H15B 109.5 C23—C21—Si2 109.99 (11) 
C8—C15—H15C 109.5 C24—C21—Si2 110.28 (11) 
H15A—C15—H15C 109.5 C21—C22—H22A 109.5 
H15B—C15—H15C 109.5 C21—C22—H22B 109.5 
Si1—C16—H16A 109.5 H22A—C22—H22B 109.5 
Si1—C16—H16B 109.5 C21—C22—H22C 109.5 
H16A—C16—H16B 109.5 H22A—C22—H22C 109.5 
Si1—C16—H16C 109.5 H22B—C22—H22C 109.5 
H16A—C16—H16C 109.5 C21—C23—H23A 109.5 
H16B—C16—H16C 109.5 C21—C23—H23B 109.5 
Si1—C17—H17A 109.5 H23A—C23—H23B 109.5 
Si1—C17—H17B 109.5 C21—C23—H23C 109.5 
H17A—C17—H17B 109.5 H23A—C23—H23C 109.5 
Si1—C17—H17C 109.5 H23B—C23—H23C 109.5 
H17A—C17—H17C 109.5 C21—C24—H24A 109.5 
H17B—C17—H17C 109.5 C21—C24—H24B 109.5 
Si1—C18—H18A 109.5 H24A—C24—H24B 109.5 
   (table cont.) 
 149
   (table cont.) 
Si1—C18—H18B 109.5 C21—C24—H24C 109.5 
H18A—C18—H18B 109.5 H24A—C24—H24C 109.5 
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